Synthesis and characterization of metal-based reactive powders by Aly, Yasmine
New Jersey Institute of Technology 
Digital Commons @ NJIT 
Dissertations Electronic Theses and Dissertations 
Summer 8-31-2014 
Synthesis and characterization of metal-based reactive powders 
Yasmine Aly 
New Jersey Institute of Technology 
Follow this and additional works at: https://digitalcommons.njit.edu/dissertations 
 Part of the Chemical Engineering Commons 
Recommended Citation 
Aly, Yasmine, "Synthesis and characterization of metal-based reactive powders" (2014). Dissertations. 
175. 
https://digitalcommons.njit.edu/dissertations/175 
This Dissertation is brought to you for free and open access by the Electronic Theses and Dissertations at Digital 
Commons @ NJIT. It has been accepted for inclusion in Dissertations by an authorized administrator of Digital 
Commons @ NJIT. For more information, please contact digitalcommons@njit.edu. 
 
Copyright Warning & Restrictions 
 
 
The copyright law of the United States (Title 17, United 
States Code) governs the making of photocopies or other 
reproductions of copyrighted material. 
 
Under certain conditions specified in the law, libraries and 
archives are authorized to furnish a photocopy or other 
reproduction. One of these specified conditions is that the 
photocopy or reproduction is not to be “used for any 
purpose other than private study, scholarship, or research.” 
If a, user makes a request for, or later uses, a photocopy or 
reproduction for purposes in excess of “fair use” that user 
may be liable for copyright infringement, 
 
This institution reserves the right to refuse to accept a 
copying order if, in its judgment, fulfillment of the order 
would involve violation of copyright law. 
 
Please Note:  The author retains the copyright while the 
New Jersey Institute of Technology reserves the right to 
distribute this thesis or dissertation 
 
 
Printing note: If you do not wish to print this page, then select  















The Van Houten library has removed some of the 
personal information and all signatures from the 
approval page and biographical sketches of theses 
and dissertations in order to protect the identity of 
NJIT graduates and faculty.  
 
ABSTRACT 




Aluminum added to propellants, explosives, and pyrotechnics, boosts their energy 
density.  Different approaches were investigated that could shorten aluminum ignition 
delays, increase combustion rates, and decrease the tendency of aluminum droplets to 
agglomerate.  Here, Al-based reactive, mechanically milled materials are prepared and 
characterized.   
For powders with Fe, Ni, or Zn additives, the particles consist of an aluminum 
matrix and inclusions of Fe, Ni, or Zn comprising 10 at % of the bulk composition.  For 
additives of Ni and Zn, only short milling times can be used to prepare composites; 
intermetallic phases form at longer milling times.  Thermogravimetric analysis shows 
selective oxidation of Zn and Ni at low temperatures, prior to a characteristic first step of 
Al oxidation.  At higher temperatures, the powders oxidize following, qualitatively, the 
stepwise process reported earlier for the pure Al.  The magnitude and kinetics of the low-
temperature aluminum oxidation steps are affected by the presence of metal additive 
inclusions. Heated-filament ignition experiments show that all three prepared composite 
powders ignite at lower temperatures than pure Al powder.  Comparison of the Al-metal 
composites with Al·Al2O3 reference composites prepared with similar milling conditions 
suggests that the altered Al morphology, such as developed grain boundary network 
produced in the milled powders, is primarily responsible for their accelerated low-
temperature oxidation.  It is concluded that the improved ignition dynamics for the 
ii 
prepared Al-metal composites is due to a combination of the accelerated low-temperature 
oxidation with reaction mechanisms altered by the presence of metal inclusions.   
For Al·Mg alloys, both internal structures and particle size distributions are 
adjusted for powders with 50-90 at. % Al.  Previous work showed that particles of 
mechanically alloyed (MA) Al·Mg powders burn faster than similarly sized particles of 
pure aluminum.  However, preparation of MA powders with particle sizes matching those 
of fine aluminum used in energetic formulations was not achieved.  Milling protocol is 
optimized to prepare equiaxial, µm-scale particles.  Ignition temperatures are much lower 
than those of pure Al powders and are close to those of Mg.  For aerosolized powders 
ignited in air, maximum pressures are higher, rates of pressure rise are greater, and 
ignition delays are shorter for the MA powders than for pure Al.  Single particle laser 
combustion experiments show that the MA-particles burn in two stages, while the first 
stage is gradually disappearing at higher Al concentrations.   
Finally, it has been shown that a range of MA-Al·Mg powders can be prepared 
with different compositions and particle sizes.  Conventionally, such alloys are prepared 
by melt processing.  Here, the oxidation, ignition, and combustion characteristics are 
compared for two powders of Al·Mg with similar bulk compositions and particle sizes: 
one produced via MA, and another, produced via grinding of a cast alloy.  Low-
temperature exothermic features are observed for the MA powder but not for the cast-
alloyed powder in thermo-analytical experiments.  MA powders have slightly lower 
ignition temperatures than cast-alloyed powders.  Aerosol combustion experiments show 
a substantial increase in both the maximum pressure and rate of pressure rise for the MA 
powders as compared to the cast alloyed powders.  In single particle laser ignition 
iii 
experiments, MA particles ignite more readily than cast alloyed particles.  MA powders 
burn in a staged sequence, with the first stage dominated by combustion of Mg and the 
second stage representing primarily combustion of Al.  No similar staged combustion 
behavior is observed for the cast-alloyed powders, which generates very short emission 
pulses with a relatively low brightness, and thus may not have burned completely.  It is 
proposed that the difference in the structure and morphology between the MA and cast 
alloyed particles results in different ignition and combustion scenarios.      
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CHAPTER 1  
INTRODUCTION 
 
Energetic materials (EMs) such as propellants, explosives, and pyrotechnics are used in 
both constructive and destructive purposes in civil and military applications.  Military 
EMs are used in variety of munitions (shells, grenades, missiles, rocket warheads, etc.) 
whereas civil EMs exploited in mining, quarrying, construction, etc. [1].  Some of the 
most commonly used EMs are the organic, high-nitrogen, monomolecular compounds, 
such as TNT, HMX, RDX, and CL-20, dubbed “secondary high explosives” [1-3].  These 
materials are capable of rapid exothermic reactions that are rate limited by the chemical 
kinetic of production of H2O and CO2 as products upon complete decomposition of the 
monomolecular energetic compounds [4-6].  The drawback of these materials is their 
relatively low energy densities.   
Metal fuels such as B, Al, Mg, Ti, and Zr added to energetic formulations can 
oxidize in the surrounding air and/or in the produced H2O and CO2, and create higher 
combustion energies and, therefore, higher energy densities of EMs.  These advantages 
are due to the metals’ high gravimetric and volumetric reaction enthalpies when 
compared to the high explosives mentioned previously. The higher combustion enthalpies 
give rise to higher combustion temperatures, making the metallized formulations still 
more advantageous to use over monomolecular explosives and other EMs [3].  The 
disadvantage of using metal fuels in practical applications is their low rates of energy 




rates, typical of the heterogeneous reactions of burning metal fuels impede the overall 
rate of combustion for metallized EMs [3, 7, 8].   
Based on the attractive thermodynamics of combustion, research efforts sustained 
over several decades are focused on the utilization of metals and metal-based fuels as 
additives to various formulations with the goal of synthesis of materials that offer higher 
energy densities, shorter ignition delays, higher burn rates, desired reaction products, and 
higher combustion enthalpies and temperatures.   
Among various metal additives, aluminum is used most widely due to its high 
combustion enthalpy and low cost [9-11].  Multiple Al-based nanocomposite reactive 
materials have been explored recently, including thermite compositions prepared by 
mixing nanopowders of Al and metal oxides [12-14], mechanical milling of coarse 
starting powders [15, 16], sol-gel processing [17-21], self-assembly [22, 23], and layered 
deposition producing multilayered foils [24-27].  In most cases, a highly exothermic 
reaction is expected to occur between aluminum and one of the additional components 
resulting in an accelerated ignition due to the intimate contact of the developed reactive 
interface area.  The addition of solid oxidizers, however, inevitably reduces the overall 
energy density of the metal fuel additives, reducing their ability to react with CO2, H2O 
and surrounding air.   
Recently, extensive studies have focused on the use of mechanical ball milling to 
prepare Al-based nanocomposites and mechanically alloyed materials.  One of the 
advantages of preparing materials by mechanical milling over mixing nanopowders is 
that the reactive interface structures and properties in the milled materials lack the natural 




based mechanically alloyed (MA) materials, the reactivity of Al can be greatly assisted 
by a highly reactive metal additive.  Alloys can be designed to undergo phase changes 
upon heating, which generate fresh surface capable of rapid reactions with ambient 
oxidizers [3].  Previous studies have shown Al combustion to be enhanced when 
aluminum is alloyed or MA with Ti, Mg, or Li [28-31].  Exothermic formation of an 
Al·Ti and Al·Mg intermetallic phases and selective oxidation of Mg and Li were 
proposed to increase the overall reactivity of the respective alloys.  
1.1 Objective 
To further studies on mechanically milled materials, this work is collectively focused on 
the synthesis of Al-based materials with diverse metal additives, such as Fe, Ni, Zn, and 
Mg.  The resulting nanocomposites and alloys are then characterized with respect to their 
ignition and combustion characteristics.  Despite small differences in individual 
objectives for each material system, the goal, generally, is to prepare composites or alloys 
with enhanced reactivity compared to pure Al powders.  It is further desired to 
understand the mechanism of the achieved enhanced behavior.   
For particles of Al and Fe, Ni, or Zn additives, the particles consist of an 
aluminum matrix and inclusions of Fe, Ni, or Zn comprising 10 at % of the bulk 
composition.  The bulk compositions are aluminum-rich to take advantage of the high 
aluminum combustion enthalpy.  The idea here is to finely mix aluminum with a metal, 
rather than an oxide.  The formation of intermetallic compounds is undesired.  The 
materials prepared are micron-sized powders in which each particle has an aluminum 
matrix and micron or nano-sized inclusions of the metal additive.  These materials have 




expected to be more reactive than alloyed powders with the same bulk compositions, in 
which components are bonded into intermetallic compounds.  It is expected that the 
reactivity of such composite materials will be improved compared to both pure aluminum 
and respective intermetallics because of several reasons.  Early selective oxidation of the 
added metal can offer an energy boost during the particle pre-heating.  An exothermic 
intermetallic reaction can occur; this reaction would be particularly important for such 
systems as Al-Ni and others with relatively high reaction enthalpy.  The kinetics of 
aluminum oxidation, controlled by the growth kinetics for various aluminum oxide 
polymorphs are also expected to change as a result of the combined oxidation processes 
of different metals, and because of formation of ternary oxides, less protective than pure 
alumina.  Finally, an increase in the surface area of the reactive interface, including 
multiple grain boundaries in the prepared nanocomposite materials, is expected to 
increase the rate of their heterogeneous oxidation.  Different mechanisms are expected to 
improve reactivity of Al-metal nanocomposite materials for different metal additives. 
Another objective is to adjust particle size distribution for the prepared MA 
powders.  The focus is on Al·Mg alloys with 50-90 at. % Al.  In order for many of these 
materials to be practically useful, their particle size distribution should be fine-tuned to 
make them compatible with the existing protocols for preparation of energetic 
formulations. However, cold welding that often occurs due to the ductile nature of Al 
prevents synthesis of MA powders with useful size distributions.  Process control agents 
(PCAs) have been used previously to avoid or minimize cold welding; similarly, smaller 
particle sizes can, in principle, be obtained by using smaller milling balls [32].  However, 




coarse for practical applications.  Long milling durations and increased PCA amounts can 
be used to further reduce particle size, but milling tools and PCAs contaminate the 
desired formulations [32]. 
Despite significant attention to combustion characteristics of Al·Mg alloys [34-
36], combustion of fine particles of such alloys has not been studied in detail, most likely 
because such fine particles were not readily available.  Thus, enabling preparation of fine 
Al·Mg alloy powders by mechanical alloying, a very versatile materials manufacturing 
method, is of substantial interest.  The issue is challenging primarily due to high ductility 
of Al, which tends to result in cold welding and coarse product particles.  In previous 
research, elemental iodine was milled with aluminum resulting in particle size reduction 
[37].  In this work, both internal structures and particle size distributions of mechanically 
milled Al·Mg alloys are adjusted for powders with 50-90 at. % Al.  Iodine is used as an 
additional PCA enabling a better control over the particle shapes and sizes for an Al-Mg 
alloy.  A 2-step ball milling technique is implemented with the first milling step used to 
achieve the desired structural and compositional refinement.  Iodine is added and smaller 
milling balls are used for the second milling step aimed to reduce particle sizes.  
Combustion and ignition of the prepared materials is investigated and correlations 
between different oxidation, ignition, and combustion characteristics are studied and 
compared. 
Finally, after the several studies showing that mechanical alloying can be used to 
prepare a range of Al·Mg powders with different compositions and particle sizes, the 
final chapter describes a study aimed at comparing the oxidation, ignition, and 




compositions and particle sizes: one produced via mechanical alloying, and another, 
produced via grinding of a cast alloy.  Conventionally, such alloys are prepared by melt 
processing; however, no direct comparisons of combustion characteristics of such alloys 
prepared using different methods are available.  Although both materials may contain the 
same bulk Al·Mg compositions, the structures and phase compositions may be different.  
MA powders are likely to contain nanocomposite structures and poorly crystalline solid 
solution phases.  On the other hand, cast-alloyed powders are expected to contain well-
crystallized intermetallics.  The effect of such structural and morphological differences 
on the ignition and combustion of alloys is unknown.  An attempt to understand these 





CHAPTER 2  
ALUMINUM-METAL REACTIVE COMPOSITES 
2.1 Abstract 
Three binary Al-based reactive composite powders are prepared by mechanical milling.  
The particles have an aluminum matrix and inclusions of Fe, Ni, or Zn comprising 10 at 
% of the bulk composition.  For additives of Ni and Zn, only short milling times can be 
used to prepare composites; intermetallic phases form at longer milling.  Short milling 
times yield relatively coarse particles with flake-like shapes.  Prepared powders are 
characterized using electron microscopy and x-ray diffraction.  Oxidation and ignition of 
the materials are studied using thermal analysis and heated-filament ignition, 
respectively.  Thermogravimetric analysis shows selective oxidation of Zn and Ni at low 
temperatures, prior to a characteristic first step of Al oxidation.  At higher temperatures, 
the powders oxidize following, qualitatively, the stepwise process reported earlier for the 
pure Al powders.  The magnitude and kinetics of the low-temperature aluminum 
oxidation steps are substantially affected by the presence of the metal inclusions. Heated-
filament ignition experiments showed that all three prepared composite powders ignite at 
lower temperatures than pure Al powder.  Comparison of the Al-metal composites with 
Al·Al2O3 reference composites prepared with similar milling conditions suggests that the 
altered Al morphology, such as developed grain boundary network produced in the 
milled powders, is primarily responsible for their accelerated low-temperature oxidation.  
It is further observed that simply an increase in the low-temperature oxidation rate 




material under rapid heating conditions.  It is concluded that the improved ignition 
dynamics for the prepared Al-metal composites is due to a combination of the accelerated 
low-temperature oxidation with reaction mechanisms altered by the presence of metal 
inclusions.    
2.2 Introduction 
to propellants, explosives, and pyrotechnic compositions increase the energy density of 
respective formulations.  Among various metal additives, aluminum is used most widely 
due to its high combustion enthalpy and low cost [9-11].  Multiple Al-based 
nanocomposite reactive materials have been explored recently, including thermite 
compositions prepared by mixing nanopowders [12-14], mechanical milling of coarse 
starting powders [15, 38], sol-gel processing [17-21], self-assembly [22, 23], and layered 
deposition producing multilayered foils [24-27].  In most cases, a highly exothermic 
reaction is expected to occur between aluminum and one of the additional components 
resulting in an accelerated ignition.  However, adding solid oxidizers inevitably reduces 
the overall energy density of the metal fuel additives.  Aluminum combustion was also 
shown to be enhanced when aluminum is alloyed or mechanically alloyed with titanium, 
magnesium, or lithium [28, 29, 31, 33].  Exothermic formation of an Al-Ti intermetallic 
phase and selective oxidation of Mg and Li were proposed to increase the overall 
reactivity of the respective alloys.   
New types of Al-based reactive composite materials are explored in this article.  
In these materials, aluminum is finely mixed with a metal, rather than an oxide.  The 
formation of intermetallic compounds is avoided.  The materials prepared are micron-




inclusions of the metal additive.  The bulk compositions are aluminum-rich to take 
advantage of the high aluminum combustion enthalpy.  Such materials have higher 
energy density than nanocomposite thermites with similar morphology and are expected 
to be more reactive than alloyed powders with the same bulk compositions, in which 
components are bonded into intermetallic compounds.  It is expected that the reactivity of 
such composite materials will be improved compared to both pure aluminum and 
respective intermetallics because of several reasons.  Early selective oxidation of the 
added metal can offer an energy boost during the particle pre-heating.  An exothermic 
intermetallic reaction can occur; this reaction would be particularly important for such 
systems as Al-Ni and others with relatively high reaction enthalpy.  The kinetics of 
aluminum oxidation, controlled by the growth kinetics for various aluminum oxide 
polymorphs are also expected to change as a result of the combined oxidation processes 
of different metals, and because of formation of ternary oxides, less protective than pure 
alumina.  Finally, an increase in the surface area of the reactive interface, including 
multiple grain boundaries in the prepared nanocomposite materials, is expected to 
increase the rate of their heterogeneous oxidation.  Different mechanisms are expected to 
improve reactivity of Al-metal nanocomposite materials for different metal additives.  
  
2.3 Experimental 
2.3.1 Material Synthesis 
Starting materials used in the synthesis of the composites included Al powder (Atlantic 
Equipment Engineers, 99.8% pure, -325 mesh); Fe powder (Alfa-Aesar, 98% metals 




Aesar, 99.9% metals basis, APS 3-7 μm).  Powders were mechanically milled using a 
SPEX Certiprep 8000 shaker mill with 50-ml flat-ended steel vials and steel milling 
media (9.5 mm diameter balls.) Each vial was loaded in argon with a 5-g powder load 
and a ball-to-powder mass ratio (BPR) of 10.  To take advantage of the high combustion 
enthalpy of aluminum, bulk compositions of each system were aluminum-rich (90 atomic 
% Al).  Stearic acid (CH3(CH2)16COOH, Fluka, ≥ 97.0%), added as 2 wt. % of the initial 
powder load, was used as a process control agent to inhibit cold-welding and prevent 
partial reactions during the milling process.   
Milling times were varied for each of the three materials systems.  For Al-Fe, it 
was shown that no phases other than (Al) solid solution form for the composition used 
in this study milled for up to 20 hours [39].  Longer milling times are impractical.  To 
examine the formation of Al-Fe composites at shorter milling times, two samples were 
prepared by milling blended Al and Fe powders for 120 and 480 min.  Similarly, two 
different milling times, 20 and 120 min, were used to prepare Al-Zn and Al-Ni 
composites.  For Al-Zn, it was reported [40] that peaks of Zn in x-ray diffraction patterns 
decrease with increasing milling time due to dissolution of Zn in Al.  However, for the Al 
powder milled with 10 at. % Ni, it was reported that no aluminide phases form for milling 
durations past 30 hours, with no details given about the composite structure [41].  Our 
preliminary experiments showed that for ball-milled Al-Zn powder blends, x-ray 
diffraction peaks of Zn disappear after a relatively short (~30 min) milling time.  
Therefore, Al-Zn composites were prepared using a short, 20-min period of milling.  In 
addition, a set of samples were prepared using a longer milling time; in those samples, 




To specifically address the effect of morphology created by mechanical milling in 
aluminum-rich composite materials, two reference Al·Al2O3 composite samples were 
also prepared.  Nanocrystalline -Al2O3 powder (Inframat® Advanced Materials, crystal 
size ~40 nm, particle size ~150 nm) was used.  The bulk composition included 90 volume 
% of Al, similar to that in the prepared metal-metal composites.  The milling times were 
20 and 120 min as for the prepared metal-metal composites.   
Table 2.1 summarizes the compositions and respective milling times used in the 
preparation of materials used in this study. 
 




















2.3.2 Material Characterization  
Powder morphology and elemental composition were examined using a LEO 1530 Field 
Emission Scanning Electron Microscope (SEM), equipped with an energy dispersive x-
ray spectrometer (EDX).  Samples were embedded in epoxy and cross-sectioned for 
analysis.  Images were taken using backscattered electron imaging.  Phase compositions 




powder diffractometer operated at 45 kV and 40 mA, using Cu Kα radiation (λ = 1.5438 
Ǻ).  Samples were mounted on a zero-background quartz plate for the analysis and 
scanned for 2 hours between 10-80°.  
Particle size distributions of the prepared materials were measured with low-angle 
laser light scattering using a Beckman-Coulter LS230 Enhanced Particle Analyzer.  
Powder suspensions for analysis were prepared in distilled water and ultrasonicated to 
minimize particle agglomeration.   
Oxidation was studied using differential scanning calorimetry (DSC) and 
thermogravimetric analysis (TGA) using a Netzsch Simultaneous Thermal Analyzer 
STA409 PG with a DSC sample carrier and corundum sample crucibles.  The thermal 
analyzer was temperature-calibrated using the known melting points of a set of certified 
high-purity metals.  Measurements were performed in a mixed 1:1 ratio of oxygen (50 
ml/min, Matheson, 99.98% purity) and ultra-high purity argon (50 ml/min, Matheson, 
99.99%) at various heating rates between 5-40 K/min.  In each experiment, samples were 
heated to 1495 °C, cooled to room temperature, and heated again to the same maximum 
temperature at the same heating rate.  The second heating was then subtracted from the 
first to obtain the baseline for the measurement.   
For these oxidation experiments, samples of the prepared Al-metal composites 
were blended with nanocrystalline -Al2O3 powder (Inframat® Advanced Materials, 
crystal size ~40 nm, particle size ~150 nm).  This was done to minimize the effect of 
coalescence of Al particles upon their melting.  A sample blend consisted of 25 wt. % of 
a prepared composite and 75 wt. % of -Al2O3.  The powders were mixed in hexane 




and used for the oxidation experiments.    
Ignition of the prepared materials was analyzed using a heated filament ignition 
apparatus described in detail elsewhere [42, 43].  A thin layer of powder was coated onto 
a nickel-chromium alloy heating wire (manufacturer-specified working temperature range 
up to 1953 K).  The filament was heated by a DC current and its temperature was 
monitored optically using an infrared pyrometer focused on an uncoated section of the 
filament.  Concurrently, light emission from the powder coating was measured using a 
photodiode sensor, in which a sharp onset of light emission was identified as the ignition 
instant.  The temperature measured by the pyrometer at this instant was assumed to be the 
ignition temperature.  Such experiments were conducted in air for a range of heating rates 
between 103 and 105 K/s. 
2.4 Results 
2.4.1 SEM and Particle Size Distribution 
SEM micrographs illustrating particle shapes and morphologies of the prepared materials 
are shown in Figure 2.1.  For the Al-Fe composite, the particles are mostly equiaxial and 
fairly coarse.  Images of the Al-Zn and Al-Ni composites prepared with shorter milling 
times show a mixture of large flakes and smaller equiaxial particles.  Similar, equiaxial 
particle shapes are observed for all materials for the powders prepared with extended 
milling times.  The morphologies of reference Al·Al2O3 samples milled for 20 and 120 
min are similar to those of the Al-metal composites prepared with the same milling times.  
A mix of large flakes and equiaxial particles is observed for the 20-min milled sample, 
and equiaxial particles with broad range of dimensions are observed for the sample 




Results of the particle size distribution measurements presented in Figure 2.2 
show a broad range of particle sizes.  Average particle sizes are 31.5, 37.6, and 46.6 μm 
for the Al-Fe, Al-Zn, and Al-Ni composites, respectively.  For the Al·Al2O3 powders, 
average particle sizes were 42.8 and 42.5 μm for the milling times of 20 and 120 min, 
respectively.  Also shown in Figure 2.2 are the size distributions for powder samples 
obtained with extended milling times (see Table 2.1)  For Al-Fe and Al-Zn, the powders 
milled longer have larger particle sizes; however, for Al-Ni, extended milling results in 
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Figure 2.1  SEM micrographs of the milled materials.  The left and right columns 
represent the composite and alloyed powders obtained respectively at shorter and longer 
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Figure 2.2  Particle size distributions of the milled materials. 
 
 Due to the flake-like shapes of the Al-Zn and Al-Ni particles (Figure 2.1), the 
distributions shown in Figure 2.2 may not give an adequate measure of the particle 
dimensions.  To further characterize particle sizes, the prepared powders were passed 
through a stack of standard sieves.  Figure 2.3 shows the cumulative size distributions of 
the three powders based on sieving.  In both Figures 2.2 and 2.3, the Al-Fe composite 
appears to include finer particles than the other materials, which is clearly the result of a 






















Al0.9Fe0.1 milling time 120 min
Al0.9Zn0.1 milling time 20 min
Al0.9Ni0.1 milling time 20 min
 
Figure 2.3  Cumulative size distributions of composite powders. 
   
Backscattered SEM micrographs of cross-sections of the prepared materials are 
shown in Figure 2.4.  All images show a gray Al matrix with light areas corresponding to 
inclusions of the metal additives or Al2O3, for the reference sample.  The dark 
background is epoxy.  All images were taken at the same magnification except for a 
magnified view of a rectangular Al-Fe particle.  Consistent with the images shown in 
Figure 2.1, cross-sectioned particles of Al-Ni and Al-Zn composites appear as thin 




The phase contrast in the reference Al·Al2O3 samples is unexpected.  It likely 
indicates that the discernable inclusions represent multiple 100-nm sized Al2O3 particles, 
which due to their small size appear brighter than the surrounding Al matrix. 
In the Al-Fe sample, a large particle with a distinct shape is highlighted.  Looking 
closer at this particle, it is observed that the particle shape is typical for a ball-milled 
material, in which the powder was compacted into platelets pressed between milling 
tools, which were broken apart due to continuing milling.  This particle also shows that 
the Al and Fe are mixed quite homogeneously.  The inclusions in this system are formed 
in both micron and sub-micron size ranges.   
Both Zn and Ni inclusions (Figure 2.4 bottom left and right, respectively) are 
generally coarser than Fe inclusions.  This is due to the shorter milling time, required to 
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Figure 2.4  Backscattered SEM micrographs of cross-sections of the as-milled composite 
materials. 
 
2.4.2 Phase Identification 
Figure 2.5 shows the XRD patterns of the milled composite materials.  Solid lines 




samples with extended milling times.  The patterns are shifted vertically for clarity.  As 
expected, strong Al peaks were measured for each of the materials as indicated by the 
vertical dashed lines in Figure 2.5.  XRD patterns for the Al·Al2O3 composite materials 
show peaks of Al and -Al2O3 only.  Peaks of Fe overlap with Al peaks for Al-Fe 
composites.  The elemental metal additives Zn and Ni were clearly detected in respective 
composite powders prepared with short milling times.  No reaction products (alloys or 
compounds) were detected.  XRD patterns of the powders prepared with extended milling 
times generally show broader peaks, indicative of a smaller crystallite size.  For Al-Fe, 
the XRD peak patterns are qualitatively similar for different milling times.  For Al-Ni, the 
relative intensity of Ni peaks is clearly reduced for the sample prepared with a longer 
milling time.  For the Al-Zn material prepared by 120 min milling, the XRD pattern 
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Figure 2.5  XRD patterns of the composite materials prepared using shorter (solid lines) 
and longer (dotted lines) milling time. 
 
 
2.4.3 Thermal Analysis 
Results of oxidation experiments for composite powders using DSC/TGA are shown in 
Figure 2.6.  In addition, the TGA oxidation curves measured for the samples prepared 
with extended milling times are shown.  DSC measurements taken over a broad range of 
temperatures exhibited a non-linear baseline and the data shown in Figure 2.6 were 
additionally processed to remove that effect.  For the additional processing, portions of 




reaction identification was made using both DSC and TGA signals, considering the 
absence of clear peaks in either dm/dT or DSC curves.  A polynomial fit was produced to 
pass through the “reaction-free” portions of the DSC signal and used as a baseline 
subtracted from the measured signal consistently.  Because the “reaction-free” regions 
were difficult to identify at higher temperatures, the constructed baseline became more 
and more tentative as the temperature increased.  Respectively, shown in Figure 2.6 are 
only portions of the DSC curves for which the baseline is identified reasonably well.  The 
TGA baseline was flat after the initial heating period, but it was poorly defined at low 
temperatures.  Respectively, TGA signals are also shown for the temperature ranges for 
which the baseline could be defined reasonably well.   
Prior to any detected mass changes, the DSC traces for the Al-Fe and Al-Ni 
composites exhibit small but clearly distinguishable exothermic peaks at low 
temperatures: between 200 and 400 ºC for both materials.  Respective portions of DSC 
curves between 100 and 500 ºC are magnified and shown as insets in Figure 2.6.  These 
sub-solidus reactions are not associated with oxidation and represent the formation of 
intermetallic phases, as confirmed by XRD (see below).  Similar exothermic events are 
not detectable in the Al-Zn curves; rather, a stepwise change in the heat release rate is 
observed in the measured DSC traces at about 390-420 ºC corresponding to the Al-Zn 
eutectic [44].       
Two strong exothermic peaks correlating with the step-wise increases in the 
sample weight are observed in DSC signals for all materials.  The two exothermic peaks 
occurring at about 600 and 950 ºC for appear to be qualitatively similar for all composites 




peaks are comparable to each other, and the first peak appears a bit sharper than the 
second one.  The first oxidation peak observed for all 20-min milled samples occurs 
substantially earlier and is substantially stronger than that observed previously for 
oxidation of spherical Al powders [45, 46]. 
For all composites milled for 120 min, the first oxidation exotherm occurs at a 
higher temperature, with the peak position close to 680 ºC (concurrently with the 
corresponding weight increase observed in TGA.) This onset temperature is higher than 
that observed for oxidation of spherical Al powders [45, 46].  For all Al-metal 
composites, this first oxidation peak becomes substantially smaller than the second 
exothermic peak at longer milling times while for the reference Al·Al2O3 composite, the 
two exothermic peaks remain comparable to each other.  The temperature range at which 
the second exothermic peak occurs is the same for all materials prepared at different 
milling times.   
The DSC curve for the Al-Fe composite clearly shows Al melting preceding the 
first oxidation step.  However, the melting is not detected for Al-Zn and is barely 
detectable for the Al-Ni composite, for which the melting peaks overlap with the strong 
exothermic peaks caused by oxidation.  The melting peak is not detected for the Al·Al2O3 
composite milled for 120 min (DSC trace is not shown in Figure 2.6), but is observed to 
occur after the first oxidation step for the Al·Al2O3 composite milled for 20 min, similar 
to the 20-min milled Al-Ni composites. 
TGA curves for all materials also show a third oxidation step at elevated 
temperatures; that step is spread over a broad temperature range and only appears to be 




the maximum temperature of 1495 ºC is reached.  For other materials, the weight 
continues to increase.  High-temperature portions of the DSC curves for Al-Fe and Al-Zn 
composites are not shown because of the ambiguity in defining the respective baselines, 
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Figure 2.6  DSC/TGA plots showing heat flow and mass changes with respect to 
temperature for the prepared composites.  Heating rate is 5 K/min for all experiments.   
 
 
Oxidation kinetic data for the composites were obtained by a set of TGA 
measurements at varying heating rates of 5, 10, 20, and 40 K/min.  For each system, the 
general trend shows a shift of oxidation steps to higher temperatures as the heating rate is 




were used in the isoconversion processing by the Kissinger method [36].  Individual 
activation energies for the first and second oxidation steps were determined and shown in 
Table 2.2. 
 
Table 2.2  Activation Energies for Oxidation Stages of Prepared Composites 
System Milling time, 
min 
Activation Energy, Ea [kJ/mol] 
Oxidation Step I 
(Transformation from 
amorphous to -Al2O3) 
Oxidation Step II
(-phase growth) 
Al0.9Fe0.1 120 290 ± 15 230 ± 12 
Al0.9Zn0.1 20 420 ± 80 225 ± 35 
Al0.9Ni0.1 20 320 ± 110 270 ± 30 
Al·Al2O3 
20 270 ± 7 290 ± 6 
120 540 ± 80 330 ± 40 
Al oxidation model [45, 47] 458 227 
 
2.4.4 Compositions of Reacted and Partially Reacted Samples 
Formation of various reaction products, including oxidized and intermetallic compounds, 
produced at different temperatures was investigated by SEM/EDX and XRD analyses of 
partially oxidized samples heated to and quenched from intermediate temperatures.  Prior 
to quenching, all samples were heated at 5 K/min.   
A set of XRD patterns of the as-milled and quenched samples recovered for the 
Al-Fe (120 min. milled) composite at different temperatures is shown in Figure 2.7. 
These analyses were particularly focused on initial exothermic reactions, expected to be 
important for interpretation of ignition mechanisms in such materials.  SEM images and 
EDX spectra of both as-milled and low-temperature-quenched samples are also presented 




For the Al-Fe sample quenched at 710 °C, after the first oxidation step, aside from 
elemental metal peaks, new peaks present in the XRD pattern are those of Al13Fe4 and 
FeAl intermetallics.  The sample recovered from 940 ºC was in the middle of the second 
oxidation step. At that temperature, peaks of Al13Fe4 intermetallic are still present, with 
peaks of -Al2O3 and FeAl intermetallic also observed.  For the sample heated to 1495 
ºC, the only peaks present are those corresponding to -Al2O3, FeAl alloy, and a ternary 
metal-oxide phase identified as Fe1.5Al0. 5O3. 
Figure 2.8 shows SEM images for both, as-milled samples and samples quenched 
from 710 ºC.  In the sample quenched at 710 ºC, Fe inclusions are no longer 
distinguishable, most likely due to mixing substantially enhanced by melted Al.  No 
surface oxide layers or other oxygen-rich regions are detected in any of the quenched 
particles.  EDX spectra corresponding to the images presented in Figure 2.8 and 
respective standardless composition analyses are shown in Figure 2.9.  The spectra show 
a small, but clearly detectable increase in the oxygen concentration for the sample 
quenched from 710 ºC as compared to the as-milled material.  It should be noted that the 
results of the EDX-based standardless composition analyses shown in Figure 2.9 and 
below for other materials, are only useful for semi-quantitative comparison of 
composition changes for similarly prepared samples; these analyses do not represent the 
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Figure 2.8  Backscattered SEM micrographs of cross-sections of the as-milled and 


































Figure 2.9  EDX spectra and inferred elemental compositions of the as-milled and 
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A set of XRD patterns for as-milled and quenched samples recovered for the 20-
min. milled Al-Zn composite at different temperatures is shown in Figure 2.10.  SEM 
images and EDX elemental maps/spectra of as-milled and low-temperature-quenched 
samples are presented in Figures 2.11 and 2.12, respectively.  For the sample quenched at 
585 °C, following the initial mass increase, the most significant new peaks in the XRD 
pattern are those of ZnO and -Al2O3.  By the end of the first oxidation step, for the 
sample quenched at 640 ºC, the peaks of ZnO and -Al2O3 become stronger.  At 940 °C, 
towards the end of the second oxidation step, the strongest peaks for -Al2O3 become 
visible.  For the sample heated to 1495 ºC, ZnO and -Al2O3 peaks disappear and the 
pattern of the ternary oxide phase ZnAl2O4 appears instead.  This spinel and -Al2O3 are 
the only two distinguishable phases at this temperature.   
From Figure 2.11, it is clear that after heating, zinc is more uniformly distributed 
in the particle volume.  According to the Al-Zn phase diagram, material with a bulk 
composition of 10 at. % Zn should consist of a single phase between ~250 °C and the 
solidus temperature of ~590 °C, and of two phases below ~250 °C.  The compositional 
variation observed in the quenched sample in Figure 2.12 could come from the 
decomposition of the homogeneous material when it is cooled below ~250 °C.  However, 
the alignment of the Zn-rich regions with the lamellar texture of the material suggests that 
the original Zn inclusions did not homogenize completely on the time scale of the DSC 
experiment.  Therefore, the Zn-rich regions indicate the continuous presence of a Zn-rich 
melt.  This presence of the melt is in distinct contrast to what is expected to occur in the 





In Figure 2.11, marker 1 indicates a bright Zn inclusion, and marker 2 indicates 
gray Al matrix embedded in the dark epoxy background.  Elemental maps show that for 
the as-milled sample, oxygen concentration is relatively uniform within the sample 
volume.  In fact, based on the oxygen map it is virtually impossible to distinguish 
between the as-milled sample and surrounding epoxy.  In the sample quenched at 585 ºC, 
oxygen concentration is markedly increased in the Al matrix, and the sample/epoxy 
boundaries become apparent in the respective oxygen map.  However, the oxygen 
increase is not apparent in or at the boundaries of the Zn inclusions.  In agreement with 
the elemental maps, the EDX spectra for the as-milled and quenched samples presented 
in Figure 2.12 confirm a noticeable increase in the oxygen concentration in the heated 
































































Figure 2.12  EDX spectra and inferred elemental compositions of the as-milled and 
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A set of XRD patterns of 20-min. milled Al-Ni composites recovered from 
different temperatures is shown in Figure 2.13.  SEM images and EDX elemental 
maps/spectra of as-milled and low-temperature-quenched samples are presented in 
Figures 2.14 and 2.15, respectively.  For the sample quenched at 570 °C, following the 
initial mass increase, the most significant new peaks in the XRD pattern are those of NiO.  
In addition, intermetallic Al3Ni and traces of -Al2O3 are detected.  By the end of the first 
oxidation step, for the sample quenched at 690 ºC, the peaks of NiO and -Al2O3 are 
noticeably stronger, while the strongest peak for -Al2O3 is also visible.  The sample 
recovered from 920 ºC was at the beginning of the second oxidation step; it contains 
Al3Ni alloy, NiO, and - and -Al2O3.  For the sample heated to 1495 ºC, NiO peaks 
disappear and the pattern of the ternary oxide phase NiAl2O4 appears instead.  NiAl2O4 
and -Al2O3 are the only two distinguishable phases in the XRD patterns.     
Similar to Figure 2.11, in the images and elemental maps shown in Figure 2.14, 
marker 1 points to a bright Ni inclusion and marker 2 points to the darker Al matrix 
embedded in epoxy.  In the as-milled sample in Figure 2.14, the oxygen map indicates no 
apparent difference in the oxygen concentration in Al matrix or Ni inclusions, similar to 
that seen in Figure 2.11 for Al-Zn composites.  However, it is apparent that in the sample 
quenched from 570 ºC, oxygen is preferentially concentrated in the Al-rich regions.  The 
EDX spectra for the as milled and heated/quenched samples (Figure 2.15) show an 
overall increase in the oxygen concentration, as would be expected from the appearance 
of the elemental maps.  A summary of phases detected by XRD is shown in Table 2.3 for 
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Figure 2.15  EDX spectra and inferred compositions of the as-milled and quenched from 




Table 2.3  Summary of Phases Detected Using XRD and EDX in Composite Materials 
Heated in Ar/O2 Flow to and Recovered from Different Temperatures 
 
Quenching/recovery temperature [°C] Phases detected by XRD 
Al0.9Fe0.1 (120 min milled) 
710 Al, Fe, Al13Fe4, FeAl 
940 Al, Fe, Al13Fe4, FeAl, -Al2O3 
1495 FeAl,-Al2O3, Fe1.5Al0.5O3 
Al0.9Zn0.1 (20 min milled) 
585 Al, Zn, ZnO, -Al2O3 
640 Al, Zn, ZnO, -Al2O3, -Al2O3 
940 Al, Zn, ZnO, -Al2O3, -Al2O3, ZnAl2O4 
1495 -Al2O3, ZnAl2O4 
Al0.9Ni0.1 (20 min milled) 
570 Al, Ni, NiO, Al3Ni, -Al2O3, 
690 Al, Ni, NiO, Al3Ni, -Al2O3-Al2O3 
920 Al, Ni, NiO, Al3Ni, -Al2O3, -Al2O3 





2.4.5 Ignition Testing 
Because of the relatively large particle sizes of the composite powders, thin coatings on 
the electrically heated filament could not be obtained without preliminary size 
classification of the powders.  The composite powders were therefore size-classified prior 
to the ignition tests.  The size fractions of Al-Fe, Al-Zn, and Al-Ni composite powders 
used for ignition experiments were passed through sieves with opening sizes of 43, 57, 
and 180 m, respectively.  It was confirmed by XRD analysis that the size classified 
samples have the same phase compositions as the starting powders.  Note that ignition 
was not observed in experiments with any size-classified Al·Al2O3 composite powders.   
A set of typical photodiode traces recorded in ignition experiments is shown in 
Figure 2.16.  In addition, a set of traces recorded during heating of an uncoated “blank” 
filament is also shown for comparison.  The temperature profiles shown are obtained 
using linear extrapolation of the temperature ramp recorded in each experiment by the 
pyrometer within its calibration range of 600 – 930 ºC.  This linear extrapolation is 
supported by calculations of the filament temperature based on the applied voltage, the 
impedance of the filament-containing circuit, and heat transfer between the filament and 
the surrounding air [43].  It remains valid while the radiation heat losses from the 
filament are substantially smaller than convection.  Repeated experiments showed slight 
variations in the temperature ramp due to minor changes in the filament resistance and a 
somewhat varied battery capacity (as it discharges during experimentation), although the 
same initial settings were used.     
Initially, the recorded photodiode traces show an increase in amplitude, typical for 




the initial rise in the photodiode signal continues until either the signal becomes saturated 
(as seen in Figure 2.16), or the filament melts and breaks apart.  For the coated filament, 
the moment of powder ignition is associated with a sudden rise in the emission intensity.  
As shown in Figure 2.16, time derivatives of the photodiode traces were calculated to 
better identify this ignition moment.  Note that the initial increase in the photodiode 
signal for the coated filament (with coating of Al0.9Fe0.1 shown in Figure 2.16), is delayed 
compared to that of the blank filament; this delay is due to the lower emissivity of the 
powder coating compared to the uncoated filament surface.   
Once powders are ignited, the photodiode signal becomes saturated; therefore, the 
only useful data extracted from these experiments are the ignition moment and respective 



























































Figure 2.16  Ignition traces showing temperature, photodiode voltage, and its time-
derivative for a powder-coated filament (bottom) and a blank filament (top). 
 
 
Processing the data extracted from ignition experiments yields a plot of ignition 
temperature versus heating rate shown in Figure 2.17.  For the range of heating rates 
tested, all composites ignited in a relatively narrow temperature range.  At lower heating 
rates, the powders ignited at about 1006 K (733 °C), while at higher heating rates, the 
powders ignited at about 1065 K (792 °C).  All composites ignite at the temperatures 
much lower than those observed for pure Al powders (10-14 m nominal size), which 
ignited in the temperature range of 1800 - 1900 K for heating rates varied from about 200 
to 8000 K/s [48].  The Al·Al2O3 composite powders could not be ignited in the 











































Figure 2.17  Ignition temperature versus heating rate for prepared composites of Al-Fe 
(120 min. milled) and Al-Zn and Al-Ni (both 20 min. milled).    
 
2.5 Discussion 
2.5.1 Sample Morphology and Phases 
For Al-Zn and Al-Ni systems, only very short milling times (20 min.) resulted in the 
preparation of composite materials.  Those composites, similarly to the 20-min milled 
Al·Al2O3 composites, exhibited accelerated low-temperature oxidation kinetics as 
compared to a much finer, unmilled spherical aluminum powder [45, 46].  All 20-min 
milled powders had flake-like particle shapes.  However, the flake aspect ratios were 
substantially closer to equiaxed than for conventional ~ 100-nm thick Al flakes used in 
pyrotechnic mixtures, as considered in earlier Al oxidation studies [47], in which low-





For Al-Zn and Al-Ni, longer milling times cause formation of homogeneous 
intermetallic phases; for Al·Al2O3 composites, longer milling time results primarily in 
reduced dimensions of Al2O3 inclusions.  For all materials prepared with longer milling 
times, particle shapes became more equiaxed and the low-temperature oxidation rates 
were substantially reduced.   
The current results impose a limitation on mechanical milling as a manufacturing 
method for Al-based metal-metal composites, specifically suggesting that finer composite 
powders that might be of interest for practical applications cannot be obtained without 
simultaneously forming undesirable intermetallic and relatively unreactive phases.  On 
the other hand, materials prepared by short milling times may be directly useful for 
preparation of consolidated reactive material components and structures, and as additives 
to various energetic formulations.   
2.5.2 Reaction Mechanisms and Kinetics 
Qualitatively, oxidation steps observed for the composite powders are similar to those 
observed for pure aluminum.  However, reaction mechanisms may be substantially 
different.  It should be noted first that the significant increase in the first oxidation step 
for all composite materials is hardly explained by the increase in the external particle 
surface, especially comparing the present TGA curves for the coarse composites with 
those for commercial, fine 1-5 m Al powder [45].  However, similar strong initial 
oxidation steps observed for all 20-min milled samples, including the Al·Al2O3 
composites indicate the crucial role of the material morphology altered by ball milling.  
In particular, it is suggested that a developed grain boundary network that is not well 




additive.  This grain boundary network results in a substantial increase of the Al surface 
available for oxidation at low temperatures, explaining the observed accelerated low-
temperature oxidation.  It is interesting that despite substantially increased low-
temperature oxidation rates, Al·Al2O3 composites fail to ignite when being rapidly 
heated, unlike 20-min milled Al-metal composite powders.  Thus, it is concluded that 
low-temperature oxidation processes detected and quantified in DSC/TGA experiments 
must be supplemented by additional reactions, occurring at higher heating rates in order 
to describe thermally initiated ignition of the present materials.   
Selective oxidation of Zn and Ni visible from the slow increase in the sample 
mass preceding the first Al oxidation step (Figure 2.6) suggests a possible alteration of 
the reactive Al interfaces present in the composite materials.  The continuous presence of 
a melt above the eutectic temperature of 382 °C in the Al-Zn system and intermetallic 
reactions in the Al-Ni and Al-Fe systems can also affect the Al surface and ensuing Al 
oxidation.  Such reactions occurring at higher heating rates could be accompanied with 
stronger composition gradients and more significant change in the interface chemistry, 
resulting in an even higher Al oxidation rate, ultimately causing ignition.    
A striking indication of the altered oxidation mechanism comes from the 
elemental maps showing oxygen distribution in the particles quenched after the first 
oxidation step.  The uniform increase in the oxygen concentration in the entire volume of 
the Al matrix rather than on its surface or in or around Zn or Ni inclusions is unexpected 
based on the conventional Al oxidation models considering growth and evolution of the 
protective surface oxide film.  Clearly, Al morphology modified by metal inclusions 




unmilled Al powders.  Further insight in the reaction mechanisms can be gained from 
analysis of the kinetic trends for the observed intermetallic, oxidation, and ignition 
reactions.   
Derivatives of the TGA traces (DTG) were used to construct Kissinger plots [49] 
using the DTG peak maxima.  The resulting Kissinger plots are shown in Figure 2.18 
(and respective activation energies are shown in Table 2.2).  The results of the filament 
ignition experiments at different heating rates are also shown in Figure 2.18 for 
comparison.  For the ignition data, each point represents an average of multiple 
individual measurements.  The vertical and horizontal error bars represent respective 
standard deviations in the heating rate and ignition temperature among experimental data 
points.  It is interesting to consider an extrapolation of kinetic trends observed in the low-
heating rate thermo-analytical measurements into the much higher heating rates used in 
ignition experiments, as shown in Figure 2.18.  This extrapolation is only meaningful if 
the reactions are governed by the same processes in both types of experiments.  While no 
data are available to directly validate such an assumption, it is instructive to examine 
whether there are correlations between kinetic trends observed in a wide range of heating 
rates.   
The activation energies corresponding to the first and second Al oxidation steps 
were previously assigned to the polymorphic transformation of amorphous to -Al2O3 and 
to growth of -Al2O3, respectively [45, 47].  For all composites, the activation energy for 
the first oxidation step is noticeably reduced compared to that identified for pure Al; 
however, the difference in the activation energy for the second step is only marginal.  




second Al oxidation step is irrelevant for the ignition processes for all materials: at high 
heating rates it is expected to occur at much higher temperatures than the observed 
ignition.  Thus, it is reasonable to conclude that the metal inclusions reduce the stability 
and/or protective properties of amorphous alumina, which are critical for the ignition 
(and, probably, aging) behavior of the respective Al-based powders.    
Comparing kinetic trends more specifically, it is observed that for all the systems, 
the ignition data do not line up with the first oxidation step.  Note, though, that the 
measured ignition temperatures are those of the filament, and not of the powder coating.  
Powder temperatures could be somewhat lower than those of the filament, suggesting that 
the ignition points in the Kissinger plot could shift to the right side in Figure 2.18, if 
corrected to represent the powder temperature.  It is also interesting to compare the 
kinetic trends observed for intermetallic reactions and those for ignition.  For Al-Fe, the 
points indicating the exothermic intermetallic reaction line up very well with the ignition 
points in Figure 2.18, indicating that formation of the intermetallic phases could 
contribute to the ignition of particles for this material.  Also, for Al-Fe, the intermetallic 
reactions at higher heating rates are expected to occur at lower temperatures than the 
observed ignition.  However, as noted above, correction for the difference between the 
powder and filament temperatures can shift ignition points to the right side, making the 
correlation between the intermetallic reactions and ignition better. 
The mechanism of apparently volumetric oxidation of aluminum matrix observed 
at low temperatures based on the elemental oxygen maps (Figures 2.11 and 2.14) remains 
unclear.  A developed grain boundary network facilitated by the metal inclusions most 




that the oxygen is rapidly supplied to metal inclusion additives, which oxidize and then 
serve as oxygen donors to the surrounding aluminum.  It is also possible that multiple, 
ultrafine inclusions of Zn and Ni are present inside the Al matrix but are not resolved in 
the present SEM images.  Such inclusion network would create paths for greatly 
accelerated grain boundary diffusion of oxygen, while the selective oxidation of Al (and 
thus, relative stability of the metal additive inclusion network maintaining the oxygen 
diffusion) could be explained by its greater oxygen affinity (greater heat of oxidation).  In 
addition, it must be assumed that no protective alumina film is formed at the Al-metal 
interfaces, unlike Al interface with gaseous oxidizers.  Thus, the transport limitations on 




































Figure 2.18  Kissinger plot comparing ignition and oxidation data for Al0.9Fe0.1, 






Aluminum-based composites with Fe, Ni, and Zn additives were prepared by mechanical 
milling.  For Ni and Zn, preparation of composites, while restricting formation of 
intermetallic phases, is only possible with very short milling times.  Consequently, many 
Ni and Zn inclusions remain relatively coarse and particles are shaped as platelets (or 
coarse flakes) for both Al-Zn and Al-Ni composites prepared by ball milling.  For Al-Fe, 
preparation of equiaxial particles is possible with fine Fe inclusions uniformly distributed 
in Al matrix.   
The presence of Fe, Ni, or Zn inclusions in the ball-milled powders substantially 
changes ignition and low-temperature oxidation of the composite powders as compared 
to unmilled aluminum.  For composite powders prepared at short milling times, ignition 
occurs at lower temperatures and low temperature oxidation is accelerated.   For powders 
with identical compositions, but milled longer, containing intermetallic phases and a 
more homogenized Al matrix, the low temperature oxidation is impeded.  Comparison of 
the prepared Al-metal composites with Al·Al2O3 reference composites prepared with 
similar milling conditions suggests that the altered Al morphology, such as developed 
grain boundary network produced in the milled powders, is primarily responsible for their 
accelerated low-temperature oxidation.  It is further observed that simply an increase in 
the low-temperature oxidation rate detected in DSC/TGA experiments is insufficient to 
achieve ignition of the material under rapid heating conditions.  Thus, it is concluded that 
the improved ignition dynamics for the prepared Al-metal composites is due to a 
combination of the accelerated low-temperature oxidation with reaction mechanisms 




For 20-min milled Al-Ni and Al-Zn composites, the oxidation begins with 
selective oxidation of Ni and Zn, respectively, and is followed by an Al oxidation step 
increased substantially compared to that observed for the pure Al at the same 
temperatures.  For Al-Fe samples prepared with longer milling times, the first oxidation 
step is delayed and occurs after Al melting.  The activation energies for the first oxidation 
step for all composite powders are different from that identified for the unmilled Al, 
indicating a difference in the reaction mechanisms.  The subsequent oxidation steps are 
similar for the prepared composite and unmilled Al powders.  
It is observed that the ignition is likely correlated with intermetallic reactions in 
Al-Ni and, possibly, Al-Fe composites.  For all materials, a correlation between the first, 
low temperature Al oxidation step and ignition is also indicated.  Unlike for the unmilled 
Al, for which oxidation at low temperatures results in growth and evolution of the 
protective surface oxide film, for the prepared Al-Zn and Al-Ni composites, the low 
temperature oxidation results in an effectively volumetric increase in the oxygen 





CHAPTER 3  
 
IGNITION AND COMBUSTION OF MECHANICALLY ALLOYED Al0.47Mg0.53 
POWDERS WITH CUSTOMIZED PARTICLE SIZES   
3.1 Abstract 
Adding aluminum to propellants, pyrotechnics, and explosives is common to boost their 
energy density. A number of approaches have been investigated that could shorten 
aluminum ignition delay, increase combustion rate, and decrease the tendency of 
aluminum droplets to agglomerate.  Previous work showed that particles of mechanically 
alloyed Al·Mg powders burn faster than similarly sized particles of pure aluminum.  
However, preparation of mechanically alloyed powders with particle sizes matching 
those of fine aluminum used in energetic formulations was not achieved.  This work is 
focused on preparation of mechanically alloyed, composite Al·Mg powders in which both 
internal structures and particle size distributions are adjusted.  Milling protocol is 
optimized to prepare equiaxial, micron-scale particles suitable for laboratory evaluations 
of their oxidation, ignition, and combustion characteristics.  Oxidation of the prepared 
powders is studied using thermo-analytical measurements.  Ignition is characterized 
experimentally using an electrically heated filament setup.  Combustion is studied using a 
constant volume explosion setup for the powder cloud combustion, and a laser ignition 
setup for characterization of combustion rates and temperatures for individual particles.  
For the prepared materials, ignition and combustion characteristics are compared to those 
of pure Al.  It is observed that the mechanically alloyed powders ignite at much lower 
temperatures than Al.  Once ignited, the particles burn nearly as fast as Al, resulting in an 





Metal-based, binary, mechanically alloyed and nanocomposite materials offer 
advantageous performance as fuel additives in energetic formulations for propellants, 
explosives, and pyrotechnics [9-11, 50, 51].  Recent research is focused on aluminum-
based materials with reactivity enhanced compared to pure Al powders.  These materials 
have high combustion enthalpies (typical of Al), with tailored density, high energy 
density, and reduced ignition delays (i.e., alloys or composites of Al·Mg, Al·Ti, etc.) [15, 
16, 28-31].  In addition, research was active to produce nano-sized powders of reactive 
metals [52-54], which achieve high burn rates due to highly developed reactive surface 
[55].  New materials prepared by arrested reactive milling [56] combine advantages of 
conventional, micron-sized composite or alloyed powders with reactivity of energetic 
nanomaterials [3, 16, 38, 57-59].  In order for these materials to be practically useful, 
their particle size distribution should be adjusted to make them compatible with the 
existing protocols for preparation of energetic formulations. However, cold welding that 
often occurs due to the ductile nature of Al prevents synthesis of mechanically alloyed 
powders with useful size distributions.  Process control agents (PCAs) have been used 
previously to avoid or minimize cold welding; similarly, smaller particle sizes can, in 
principle, be obtained by using smaller milling balls [32].  Still, Al-based mechanically 
alloyed powders with attractive compositions prepared to date [30, 33] were too coarse 
for practical applications.  Long milling durations and increased PCA amounts can be 





This chapter discusses the preparation and characterization of mechanically 
alloyed Al·Mg powders with customized particle size distributions.  Al·Mg alloys have 
been explored for applications in energetic materials for a long time.  Some of the first 
applications were in pyrotechnic formulations [60-62] while more recently, such alloys 
were successfully added to propellants [63].  It has been reported that Al·Mg alloys ignite 
at much lower temperatures than pure Al [64, 65].  Combustion of alloys was also 
studied, with most detailed experimental observations on coarse particles with 
dimensions exceeding 100 µm [34, 66, 67].  It was reported that depending on 
composition, either Al or Mg determine the alloy combustion dynamics [68]; 
alternatively, a staged combustion behavior was described, in which Mg combustion 
preceded that of Al [69].  Despite significant attention to combustion characteristics of 
Al·Mg alloys [34-36], combustion of fine particles of such alloys has not been studied in 
detail, most likely because such fine particles are not readily available.  Thus, enabling 
preparation of fine Al·Mg alloy powders by mechanical alloying, a very versatile 
materials manufacturing method, is of substantial interest.  The issue is challenging 
primarily due to high ductility of Al, which tends to result in cold welding and coarse 
product particles.  In previous research, elemental iodine was milled with aluminum 
resulting in particle size reduction [37].  In this work, iodine is used as an additional PCA 
enabling a better control over the particle shapes and sizes for an Al·Mg alloy.  A 2-step 
ball milling technique is implemented with the first milling step used to achieve the 
desired structural and compositional refinement.  Iodine is added and smaller milling 




ignition of the prepared materials is investigated and correlations between different 
oxidation, ignition, and combustion characteristics are studied. 
 
3.3 Experimental 
3.3.1 Material Synthesis 
Starting materials included elemental powders of Al (Atlantic Equipment Engineers, 
99.8% pure, -325 mesh) and Mg (Alfa-Aesar, 99.8% pure, -325 mesh).  Powders were 
blended and mechanically milled using a Retsch PM-400 MA planetary mill.  Nominal 
powder composition was Al0.47Mg0.53, or 1:1 for Al:Mg by weight.  The rotational speed 
was set to 350 rpm.  The direction of rotation was set to reverse every 15 min. 
 The powders were milled in two steps.  The first step was aimed to achieve 
compositional homogeneity between components as in conventional mechanical alloying.  
The second step was added to tailor the particle size distributions of the produced 
powders using additional PCA and altered milling conditions.  The powder prepared in 
the two-step (2-step) milling was compared to a reference mechanically alloyed sample 
prepared in one step (1-step) with a duration equal to the total milling time of the 2-step 
procedure.  Additional comparisons were made with the powder prepared using only the 
first step (1st step) of the 2-step procedure.   
 For the 1st step milling, elemental powders of Al and Mg were loaded in 0.5-l 
steel milling vials with 9.5-mm diameter hardened steel milling balls.  Vials were filled in 
argon with a 30-g powder load and 300 g of milling balls (charge ratio of 10).  50 ml of 
hexane (C6H14) was added to each milling vial as a PCA.  The milling duration was 120 




argon and iodine (I2, chips, Sigma Aldrich, 99% pure) was added as 4 wt. % of the initial 
powder load to serve as a new PCA.  After adding iodine, the vials were closed and 
milled for 5 min. to clean the 9.5-mm milling balls, which were then removed and 
replaced with the same mass of 3-mm diameter steel milling balls.  The balls were 
replaced inside an Ar-filled glovebox.  The second, softer milling step was then 
performed to produce mechanically alloyed powder with the desired finer particle sizes.  
The duration of the second milling step was 60 min.  The total milling time was, 
therefore, 185 min.  This milling time was also used to prepare reference samples milled 
in a 1-step process.  Other milling conditions corresponded to those used in the first step 
of the 2-step milling, while iodine (4 wt. %) was included with the starting blend of Al 
and Mg powders.   
 The prepared powders were removed from the milling vials in the Ar-filled 
glovebox.  The powder was left in the glovebox overnight, where it was exposed to an 
environment with low oxygen concentration (~2%).  This exposure passivated the 
powder surface so that the powder could then be recovered and handled in open air. 
3.3.2 Material Characterization 
Scanning electron microscopy (SEM) was used to study powder morphology using a 
Phenom Tabletop Microscope by FEI Technologies Inc. Backscattered electron images 
were taken to inspect particle shapes and sizes.  Particle size distributions of the prepared 
composites were measured with low-angle laser light scattering using a Beckman-Coulter 
LS230 Enhanced Particle Analyzer.  Powder suspensions for analysis were prepared in 
ethylene glycol (C2H6O2) and sonicated to minimize particle agglomeration.  Phase 




X’pert MRD powder diffractometer operated at 45 kV and 40 mA, using Cu Kα radiation 
(λ = 1.5438 Ǻ). The patterns were collected between 10 and 85° at a rate of 0.625°/min. 
Thermal stability and temperature-dependent phase transformations were studied 
using differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) 
using a Netzsch Simultaneous Thermal Analyzer STA409 PG with a DSC sample carrier 
and corundum sample crucibles.  Oxidation experiments were performed in a mixed 1:1 
ratio of oxygen (50 ml/min, Matheson, 99.98% purity) and ultra-high purity argon (50 
ml/min, Matheson, 99.99%) at various heating rates between 5 and 40 K/min.  
Decomposition experiments were performed in argon only and at a heating rate of 5 
K/min.  Ignition of the prepared materials was analyzed using a heated filament ignition 
apparatus described in detail elsewhere [42, 43]. A thin layer of powder was coated onto 
a nickel-chromium alloy wire (manufacturer-specified working temperature range up to 
1953 K). The wire was heated by a DC current and its temperature was monitored 
optically using an infrared pyrometer focused on its uncoated surface adjacent to the 
powder coating.  Concurrently, light emission from the powder coating was measured 
using a photodiode sensor, in which a sharp onset of light emission was identified as the 
ignition instant. The temperature measured by the pyrometer at that instant was assumed 
to be the ignition temperature. Such experiments were conducted in air for a range of 
heating rates between 103 and 105 K/s.  Ignition instant was also identified from videos 
recorded using a high-speed camera (MotionPro500 by Redlake) at 500 fps. 
Combustion was studied using a constant volume explosion (CVE) setup for 
powder aerosol combustion, and a laser ignition setup for characterization of combustion 




described elsewhere [70-72].  The aerosolized powders were ignited from the center of a 
nearly spherical 9.2-L vessel. The vessel was initially evacuated, after which the powder 
was introduced with an air blast by opening a solenoid valve connecting the vessel with a 
chamber filled with compressed air.  After the air blast, ignition was triggered following a 
delay of 300 ms, provided to reduce turbulence.  The targeted initial pressure in the 
explosion vessel prior to ignition was 1 atm.  Combustion pressure traces were recorded 
using both static and dynamic transducers.  The measured pressures traces are normalized 
by the initial pressure in the vessel (P/P0).  The rates of pressure rise, d(P/P0)/dt, are also 
reported for the prepared composite and reference pure Al powder.  (P/P0) and d(P/P0)/dt 
are proportional to the flame temperature and combustion reaction rate, respectively [73]. 
For laser-ignited single particle combustion, the experimental technique is 
described in Refs. [74-76].  A vertically rising particle jet with low number density was 
generated using a vibratory powder feeder [77].  Particles ignited when crossing a CO2 
laser beam.  Luminous streaks produced by the ignited particles were photographed.  
Four photomultiplier tubes (PMT, Hamamatsu H3164-10) were used to record the light 
emission from burning particles.  The PMTs were equipped with interference filters (486, 
532, 568, and 589 nm).  Emission signals filtered at 532 and 589 nm were used for 
optical pyrometry. The 486 nm filter was selected to track one of the strongest AlO 
emission bands as an indicator of the intensity of the vapor-phase reactions.  Because no 
substantial AlO emission occurs at 568 nm, the strength of the observed AlO emission 
was evaluated using the ratio of the signal intensities measured at 486 and 568 nm: 




value calculated for respective intensities of a black-body emitter at the same temperature 
as the measured particle temperature. 
 
3.4 Results 
3.4.1 Particle Sizes, Morphology, and Phase Composition 
Figure 3.1 shows SEM images of the prepared powders.  The image on the left shows the 
coarse powder obtained after the first, 120-min milling step.  This milling time was 
selected based on the SEM images of the product showing equiaxial particles rather than 
flakes, with no apparent compositional contrast between Al and Mg (clearly visible at 
shorter milling times), and with no apparent detached Al or Mg particles.  The powder 
prepared during the 1st milling step has a mean volumetric size of ~23 µm, as seen in 
Figure 3.2.  The product of the 2-step milling is shown in the center image of Figure 3.1.  
The powder includes fine, equiaxial particles with rounded shapes and a narrow size 
distribution (Figure 3.2).  The reduction in the mean volumetric particle size (from 23 to 
12.5 µm, cf. Figure 3.2) caused by the second milling step is also apparent in Figure 3.1.  
To further validate the effectiveness of this modified, 2-step milling procedure, the 
powder was compared to a reference sample prepared in 1-step with the same milling 
time as the 2-step sequence, as shown in the right most image of Figure 3.1.  The 
particles of the reference sample appear to have a broader size distribution compared to 
the powder prepared using the 2-step process.  This is also apparent in the size 
distribution measurements in Figure 3.2.  The 1-step powder is coarser and has a broader 
particle size distribution than the powder prepared by the 2-step milling, despite a similar 






Figure 3.1  SEM images of Al·Mg  powders: the product of the 1st, 120-min. milling step 
(left); the product of the 2-step milling, total time 185 min. (center), and product of the 1-
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Figure 3.2  Particle size distributions of the products of the first milling step (120 min.), 
2-step milling (185 min.),  1-step milling (185 min.), and pure Al powder (top) used as a 







Figure 3.3 shows XRD patterns for the 1st step (120 min.) and 2-step (185 min.) 
milled powders as well as for a blended Al·Mg sample used as a reference.  Peaks 
corresponding to pure Al and Mg are indicated in the plot.  Remaining peaks have been 
identified as the  - Al12Mg17 intermetallic.  For the 1st step powder, the pattern shows 
that peaks of Al and Mg are present along with peaks corresponding to  - Al12Mg17.  For 
the 2-step powder, the pattern shows that all Mg is incorporated into Al12Mg17 phase 
mixed with the little remaining pure Al.  The XRD pattern of the 2-step milled powder 
matches well the patterns for mechanically-alloyed Al-Mg powders reported previously 
[33]. 
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Figure 3.3  XRD patterns of an Al-Mg blend, 1st step (120 min.), and 2-step (185 min.) 
milled powders.  Elemental Al and Mg phases are indicated in the plot.  All other 






Figure 3.4 shows the ignition temperatures of the prepared Al·Mg powders as a function 
of heating rate, with each point representing an individual ignition experiment.  As 
expected for a thermally activated ignition mechanism, ignition temperatures increase 
slightly with increasing heating rates.  Ignition temperatures are approximately 860 K at 
lower heating rates and 1060 K for higher heating rates.  These temperatures are 
somewhat higher than 783 K reported for an Al-Mg alloy with similar composition but 
ignited by its slow heating [65].  For comparison, ignition temperatures for pure Al and 
Mg powders are also shown.  Ignition temperatures of Al·Mg composites are much lower 
than ~1850 K reported for ignition of pure Al [48] at similar heating rates, and seem to be 
















































Figure 3.4  Ignition temperatures of Al·Mg powders prepared by the 2-step milling as a 





3.4.3 Thermal Analysis and Reaction Kinetics 
DSC and TGA traces for the decomposition experiments performed in Ar at 5 K/min are 
shown in Figure 3.5.  Poorly distinguished, intermetallic formation reactions can be 
observed at low temperatures in DSC.  A weak exothermic feature is seen where sub-
solidus reactions are expected compared to more detailed earlier measurements for the 
mechanically alloyed Al-Mg powders [33, 79].  An endothermic peak corresponding to 
the eutectic melting at ~450 °C (~723 K) is visible for both powders and occurs as 
expected from the binary Al-Mg phase diagram [79, 80].  At higher temperatures (after 
eutectic melting), poorly resolved exothermic features in DSC are observed and may be 
attributed to oxidation involving oxygen impurity in the flowing Ar gas environment.  
This oxidation results in a mass increase of about 2 % recorded by TGA for the 1st step 
milled powder.  For the 2-step powder, the mass loss of ~2% occurring after eutectic 
melting is attributed to the release of I2, similar to the I2 release observed in mechanically 
milled Al·I2 powders [78].  Assuming that the 2-step powder oxidizes similarly to the 1
st 
step powder, it is reasonable to conclude that the entire iodine introduced during milling, 








































Figure 3.5  DSC and TGA traces for the decomposition experiments performed in Ar at 5 
K/min for 1st and 2-step milled Al-Mg powders. 
 
 
Figure 3.6 shows DSC and TGA traces for the Al·Mg powders prepared by 1- and 
2-step milling, as well as powder prepared by the 1st step milling heated in the mixed 
O2/Ar environment.  For all traces, an endotherm corresponding to that of the eutectic 
melting at ~450 °C is observed [30, 33, 79-81].  An exotherm corresponding to the strong 
oxidation step in TGA is also observed consistently for all materials.  For the composite 
prepared using the 2-step milling, the oxidation has an earlier onset than for the other 
samples.  Both samples milled for 185 min (using both 1- and 2-step milling protocols) 
show exothermic peaks immediately after the eutectic melting.  This post-eutectic 




described in Ref. [81] for Al·Mg composites with a comparable composition is 
qualitatively similar to that observed for the latter (1st step) sample prepared in this 










































Figure 3.6  DSC traces for Al·Mg powders heated in oxygen at 5 K/min prepared using 
different milling procedures, including 1st step, 2-step, and 1-step milling. 
 
 
The powder prepared using the 2-step procedure was heated in TGA in the same 
oxidative environment at different heating rates in the range of 5 – 40 K/min.  Derivatives 
of TGA traces (DTG) at varying heating rates were used to construct Kissinger plots [49] 
using the DTG peak maxima.  The resulting Kissinger plot (logarithm of heating rate, , 




shows the results of the filament ignition experiments presented in Figure 3.4.  From 
Figure 3.7, it is apparent that the points corresponding to the strong oxidation step do not 
line up with those of the filament ignition. This indicates that relatively strong exothermic 
processes detected in thermo-analytical measurements do not directly cause ignition of 
these powders.  Further, one must consider that the measured filament ignition 
temperatures recorded are those of the filament and not of the powder coating, suggesting 
that the points seen in Figure 3.7 could shift more to the right side of the plot, if corrected 
to represent the actual powder temperature.  Considering such a correction, it would 
appear that an event occurring at a lower-temperature (perhaps eutectic melting or 
formation of an intermetallic phase) may lead to ignition, e.g., by generating additional 
fresh surface in the sample.    
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Figure 3.7  Kissinger plot comparing ignition and oxidation data for Al·Mg composites 
as a function of heating rate. 
 
3.4.4 Powder Cloud Combustion 
Both 1- and 2-step milled Al·Mg powders and reference Al (H5 powder by Valimet) 




of 4.65 g (corresponding to a fuel-rich mixture in the vessel).  Results of these 
experiments are shown in Figure 3.8.  The Al·Mg powder prepared using the 2-step 
milling technique has the highest pressure output and shortest ignition delay as compared 
to both the reference H5 Al and Al·Mg powder prepared by 1-step milling.  A better 
performance of the 2-step milled powder as compared to the 1-step milled powder may 
be due to a narrower particle size distribution (cf. Figure 3.2), with fewer coarse particles 
hindering the reaction. 
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Figure 3.8  Normalized pressure as a function of time for 2-step (185 min.), single-step, 
and reference Al samples. 
 
 
Table 3.1 summarizes the mean pressure and rate of maximum pressure rise ratio 
values for the prepared Al·Mg and reference H5 Al powder.  Standard deviation values 
were calculated from repeated experiments.  Al·Mg powders show higher (P/P0)max and 
[d(P/P0)/dt] max values than pure Al powder, indicating a higher flame temperature and 
combustion rate.  For reference, explosion pressures calculated for the constant volume 
combustion using experimental powder loads in air are also shown in Table 3.1. The 




and Mg powders.  Initial pressure was assumed to be 1 atm and the reactants were taken 
at room temperature.  The comparison of calculated and experimental pressures shows 
that the experimental pressures are systematically lower than the pressures predicted by 
the thermodynamic equilibrium for all materials, as expected because of incomplete 
combustion and heat losses.    
 








Al·Mg (2-step) 9.02 ± 0.28 1135 ± 207 13.3 
Al·Mg (1-step) 8.89 ± 0.49 1061 ± 166 13.3 
pure Al (H5) 8.54 ± 0.33 439 ± 105 12.4 
 
3.4.5 Single Particle Combustion 
A photograph of burning particle streaks is shown in Figure 3.9 for the Al·Mg powder 
prepared by the 2-step milling.  Several particle streaks observed in Figure 3.9 were 
produced by different particles fed successively through the laser beam during the time of 
exposure.  Each well discerned streak represents a particle passing through the CO2 laser 
beam.  Most streaks include two separate bright portions and end with characteristic 
spearpoints.   
A typical emission trace, a temperature trace obtained by 2-color pyrometry, and a 
ratio RAlO for a burning Al·Mg particle are shown in Figure 3.10.  Consistently with the 
visible streaks in Figure 3.9, emission traces in Figure 3.10 also show distinct peaks.  The 
first peak corresponds to a higher temperature and lower level of AlO emission.  The 




is then followed by a second peak accompanied with a characteristic oscillatory emission 
pattern.  This second peak is typically longer than the first one.  The measured 
temperature and RAlO are observed to slowly decrease until the final small peak 
(corresponding to a “spearpoint” in the photograph) is observed.  The overall emission 
intensity level at which the spearpoints occur is substantially reduced compared to its 
peak value, so that both temperature and RAlO measurements are no longer meaningful.     
 
 
Figure 3.9  Burning particle streaks of Al·Mg powder prepared following the 2-step 





































Figure 3.10  Emission signal (vertical scale is in arbitrary units, the axis is not shown), 
temperature, and an intensity ratio characterizing significance of the molecular AlO 
emission for a single laser-ignited particle of mechanically alloyed Al·Mg powder 
prepared following the 2-step procedure (185 min. milling time). 
 
 
Slight delays in the ignition of Al·Mg particles can be observed in the photograph 
in Figure 3.9, i.e., luminous streaks do not always originate from the same area where the 
CO2 beam was focused.  These delays made it impossible to process the experimental 
data following the procedure outlined and used in Refs. [74-77], where the size of each 
particle was evaluated based on the amplitude of a light-scattering pulse, generated when 
particles crossed a low-power auxiliary laser beam placed just under the CO2 laser beam.  
The poorly reproducible ignition timing made it impossible to correlate the light 
scattering and emission pulses and to quantify the size of each ignited particle.  Instead, a 
methodology described in Ref. [83] was used to obtain a correlation between burn times 
and particle sizes.  The main assumption in this data processing is that the larger size 




remove overlapping or closely spaced signals, which may not represent individual 
particle combustion events.  Durations of the downselected pulses were then measured.  
The data on pulse durations representing burn times were logarithmically binned and 
correlated with the particle size distributions for the respective powders measured by 
Beckman-Coulter LS230 Enhanced Particle Analyzer.  The volume-based particle size 
distributions shown in Figure 3.2 were transformed into number-based, cumulative 
distributions, to be directly compared to the burn time data shown in Figure 3.11.  For 
reference, Figure 3.11 also shows the burn times measured elsewhere for the reference Al 
10-14 µm powder [74-77], binned the same way as the results of the present 
measurements for Al·Mg powders.  Once the size distributions are obtained in terms of 
particle number densities in respective size bins, the data shown in Figure 3.11 are recast 
in terms of particle burn times as a function of their size.  
The particle size distributions are shown in Figure 3.12 in terms of cumulative 
number density as a function of particle size.  These cumulative number density curves 
(Figure 3.12) were fitted using a log normal distribution function and correlated to the 
burn time.  The final burn times as a function of particle sizes are shown in Figure 3.13.  
For both powders, the result is well represented by t~dn trends (shown as dashed lines).  
Burn times for Al·Mg particles greater than 2 m are are slightly longer than those of the 






Figure 3.11  Cumulative number density vs. burn time for Al·Mg powder particles 
prepared following the 2-step milling procedure and for pure Al powder (10-14 µm 




Figure 3.12  Cumulative number density vs. particle size for Al·Mg powder particles 






Figure 3.13  Particle burn time as a function of size for the Al·Mg powder prepared using 
the 2-step milling and for pure Al powder.  Lines show respective dn fits (n=0.5 for Al 
and n=1 for the Al·Mg alloy).  
 
 
The temperature and AlO emission signals, such as shown in Figure 3.10, were 
averaged for each particle so that characteristic values could be assigned to the entire 
powder samples rather than individual particles.  Average temperature values were 
calculated for each burn trace for the period of time when the emission signal varied 
within 50% and 100% of its peak value following the data processing described in [74-
77].  The same procedure was used to calculate the average value of the normalized RAlO. 
Resulting average values of RAlO and temperature are shown in Figures 3.14 and 3.15, 
respectively.  The data are shown for both the 2-step milled Al·Mg and pure Al powders.  
For Al combustion in air, RAlO values greater than 1 indicate AlO vapor phase reactions.  
Values of RAlO for Al·Mg powder are lower than those for pure Al, indicating substantial 
reduction in the importance of these vapor-phase reactions.  Temperatures obtained for 
the Al·Mg powder are similar to those of pure Al.  For both powders, despite substantial 
data scatter a slight increase in temperature is observed for particles with longer burn 




could be attributed to the morphology of the as-milled powders as well as the ignition 
delay observed in Figure 3.9.  Note that the emission signal changes noticeably during 
each particle combustion event, so that the average temperatures and RAlO values provide 
only very approximate information on the related reaction mechanisms.  A more detailed 
analysis of the burning particle temperature histories is of interest for future work.      
    
 
Figure 3.14  Normalized AlO ratio, RAlO, values as a function of burn time for Al·Mg 




Figure 3.15  Combustion temperature as a function of burn time for Al·Mg powder 





Present experiments showed that iodine is a very effective PCA for mechanical alloying 
of Al·Mg powders.  The powder particle sizes are reduced effectively (cf. Figures 3.1, 
3.2) and with relatively short milling times.  It is also shown that the 2-step milling offers 
a useful approach of tailoring particle sizes of mechanically alloyed powders without 
inducing substantial changes in their structure and causing their contamination by milling 
tools.   
It was found that the initial nominal amount of I2 added to the powder is retained 
in the prepared materials (as detected by TGA, cf. Figure 3.5). The effect of iodine on 
oxidation is not insignificant: the eutectic melting of Al-Mg alloys is immediately 
followed by substantial weight gain and energy release (Figure 3.5) only for the materials 
prepared with added iodine.  It is likely that iodine-coated (or iodide containing) layers 
separate nano-scale grains or are embedded between consolidated metal flakes.  Iodine 
from these layers is likely released causing formation of fresh surface; such fresh surfaces 
oxidize readily causing the exotherm observed for these materials to follow the eutectic 
melting.  It is likely that this phenomenon is also important for ignition of the prepared 
Al·Mg alloys.    
Added iodine may have another side benefit for the reactive materials, resulting in 
formation of halogenated combustion products with biocidal properties.  Such products 
are desired for applications aimed to improve inactivation of aerosolized spores and 
bacteria in a blast [84-87]. 
Ignition temperatures for the prepared 2-step powders vary from approximately 




These temperatures are lower than the ignition temperatures reported for pure Al and 
close to those of pure Mg powders.  Similar filament ignition experiments for 
mechanically alloyed Al-Mg powders reported previously [30] showed ignition 
temperatures of ~1020 K which are only slightly higher than the ignition temperatures 
reported here.  The slight decrease in temperatures could be due to the morphological and 
particle size differences in the powders.  The powders prepared in this work are finer and 
have a smoother surface than those described previously [30].                
CVE results are generally consistent with a previous report of faster burn of 
Al·Mg alloys [30].  An improvement in both maximum pressure and rate of pressure rise 
for the prepared alloys as compared to the reference pure Al powder is significant in 
terms of possible practical applications of the developed material.  The present work also 
offers a more detailed characterization of particle combustion.  Results of the laser 
ignition experiments show that once ignited, Al particles burn faster than similarly sized 
particles of Al·Mg alloys.  This is in agreement with recent measurements comparing 
combustion rates of Al and other materials [77].  An improvement in the pressure traces 
measured in CVE, as well as accelerated burn reported earlier based on aerosol 
combustion experiments [30, 88] are likely caused by a combination of the lowered 
ignition temperature and nearly unchanged burn rate.   
The combustion mechanism of the prepared Al·Mg powders is clarified from the 
streaks and traces shown in Figures 3.9 and 3.10, respectively.  A two-peak structure of 
the emission pulse suggests a 2-staged burn.  Consistently with the earlier observations 
and proposed reaction mechanisms [69], it is suggested that Mg selectively burns first 




lower level of AlO emission during the initial portion of the emission pulse, 
corresponding to stage I.  It is further supported by a characteristic oscillatory pattern 
observed during the stage II and common for Al particle combustion.  This selective 
combustion of Mg is likely due to a lower vapor pressure of Mg compared to Al, 
enabling Mg vapors to react with surrounding air and consume all available oxygen, 
effectively starving Al combustion until Mg is consumed.   
It is also interesting to compare the trends observed for particle burn times as a 
function of their diameter obtained in this work with similar trends reported previously.  
The same data set used to generate the trend reported in Figure 3.13 for pure Al was 
processed previously to report a somewhat weaker effect of particle diameters on their 
burn times [74, 75, 89].  The discrepancy with the present interpretation shown in Figure 
3.13 is clearly attributed to the method used to process experimental data.  When particle 
sizes were measured independently of their burn times [74, 75, 89], the results implied 
that at least for some particles, smaller particles burn longer than larger ones.  Such data 
points, likely indicative of errors associated either with particle size measurement or with 
matching emission and scatter pulses, were processed differently in the present 
experiments.  While real-time particle size measurements were not used, the particle size 
distribution that was used to process the present data was obtained by a much more 
accurate measurement.  The stronger effect of particle sizes on their burn times obtained 
here, i.e., t~d0.5 for Al and t~d1 for Al·Mg alloy (rather than t~d
0.3 reported previously for 
Al), appears to be more reasonable and amenable to a theoretical interpretation.   
A slight increase in the average flame temperature with particle size for both 




stand-off vapor phase flame for larger particles.  As discussed previously [90], the flame 
approaches the particle surface as the particle size decreases, eventually ceasing to exist 
for very fine particles.  This changes the combustion regime from vapor-phase to surface 
reaction and is accompanied by reduction in the respective combustion temperature.   
3.6 Conclusions 
Preparation of mechanically alloyed powders of Al·Mg with fine particle sizes is feasible 
using a modified, 2-step milling technique that allows for simultaneous adjustment in 
both internal structures and particle size distributions.  Particles suitable for laboratory 
evaluations of their oxidation, ignition, and combustion characteristics were prepared and 
characterized.  Electron microscopy, x-ray diffraction patterns, and particle size 
distribution measurements showed that fine, equiaxial particles of Al·Mg with a 
homogeneous composition and a mean size of approximately 12.5 µm were produced.  
Filament ignition experiments of these mechanically alloyed powders conducted in air 
showed ignition temperatures in the range of 860 – 1060 K, which is significantly lower 
than ignition temperatures reported for pure Al powders which ignite at around 1850 K.  
Premixed flames in air were produced in the powder cloud combustion experiments and 
showed that a higher pressure output and shorter ignition delay can be achieved as 
compared to pure Al powders.  Single particle laser experiments showed that once 
ignited, Al·Mg particles burn nearly as fast as pure Al particles of the same dimensions.  
It is also observed that the Al·Mg particles burn in a two-stage process proposed to 
include selective combustion of Mg followed by combustion of Al.  Despite the slightly 









CHAPTER 4  
 
REACTIVE, MECHANICALLY-ALLOYED AL·MG POWDERS WITH 
CUSTOMIZED PARTICLE SIZES AND COMPOSITIONS 
4.1 Abstract 
Previous work showed that particles of mechanically alloyed Al·Mg powders burn faster 
than aluminum.  However, such powders were coarser than fine aluminum commonly 
used in energetic formulations.  This work addresses preparation of mechanically alloyed 
Al·Mg powders in which both internal structures and particle size distributions are 
adjusted.  Powders with 50-90 at. % Al were prepared and characterized.  Milling 
protocol was optimized to prepare equiaxial, micron-scale particles.  Ignition 
temperatures measured using an electrically heated filament were much lower than those 
of pure Al powders and are close to those of Mg.  Powders were aerosolized and ignited 
in air; the maximum pressure was higher, rates of pressure rise were greater, and ignition 
delays were shorter for the mechanically alloyed powders than for pure Al with directly 
comparable particle size distributions.  Individual particle combustion experiments used 
laser ignition and showed that the alloyed particles burn in two stages, while the first 
stage is gradually disappearing with an increased Al concentration.  The effect of particle 
size, d, on its burn time, t, for the prepared alloys is relatively well described by a t~dn 
law, where n is varying in the range of 1.1-1.5 for different compositions. 
4.2 Introduction 
Powders of Al and Mg with the heats of combustion of 834.9 kJ/mol and 607.6 kJ/mol, 




based, mechanically alloyed and nanocomposite powders may offer advantageous and 
custom-tailored performance as fuel additives in energetic formulations for propellants, 
explosives, and pyrotechnics [9-11, 50, 51].  Al·Mg alloys with varying compositions are 
also of interest as materials having high yield strength and an evolved grain boundary 
network [91, 92].  In addition, Al·Mg alloys are used in marine applications [93] for their 
corrosion-resistant properties and are of interest as hydrogen storage materials [94].  
Aluminum-based powders prepared by mechanical milling, including alloys or 
composites of Al·Mg, Al-Ti, etc., with combustion characteristics enhanced compared to 
pure Al powders, have also been explored previously [15, 16, 28-31].  These materials 
are desirable because of the high combustion enthalpies (close to that of Al), with tailored 
density, reduced ignition delays, and faster burning rates.  In order for these materials to 
be practically useful as drop-in replacements of aluminum powders as fuel additives, 
their particle size distribution should be adjusted to make them compatible with the 
existing protocols used for preparation of energetic formulations. In many current 
formulations, aluminum particles with sizes in the range of 1-15 µm are used.  However, 
particle agglomeration that occurs due to the ductile nature of Al makes it difficult to 
prepare mechanically alloyed powders with such useful size distributions.  
Process control agents (PCAs) have been used previously to avoid or minimize 
cold welding and therefore agglomeration; similarly, smaller particle sizes can, in 
principle, be obtained by using smaller milling balls [32].  Still, Al-based mechanically 
alloyed powders with attractive compositions prepared to date [30, 33] were too coarse 




used to further reduce particle size, but such milling conditions result in a substantial 
contamination of the mechanically milled materials [32].    
In our recent study [95], a reactive powder with a composition of Al0.47Mg0.53 was 
prepared and its particle size distribution was adjusted using two stages of ball milling 
and adding a small amount of iodine as PCA for the stage 2, when particle size 
distribution was being custom-tailored.   
The staged milling approach is being further explored in the present paper, where 
the range of Al/Mg compositions for mechanically alloyed powders with customized 
particle size distributions is extended.  In particular, powders with greater aluminum 
concentrations, and thus higher combustion enthalpies, are prepared while their particle 
sizes remain adjustable.  These powders offer an attractive combination of particle sizes, 
reaction enthalpies, and reaction rates.  A two-stage, high-energy ball milling technique is 
implemented. The first milling stage is used to achieve the desired structural and 
compositional refinement.  The second stage serves to achieve the desired particle size 
distribution.  Combustion and ignition of the prepared materials are characterized using 
different techniques. 
4.3 Experiment 
4.3.1 Material Synthesis 
Starting materials used in the synthesis of the composites included elemental powders of 
Al (Atlantic Equipment Engineers, 99.8% pure, -325 mesh) and Mg (Alfa-Aesar, 99.8% 
pure, -325 mesh).  The material compositions varied systematically with the Al 
concentration ranging from 47 to 90 at. %. Powders were mechanically milled using a 




milling compartment.  As described previously [95], the first stage of milling involved 
the preparation of mechanically alloyed Al·Mg powder.  Powders of Al and Mg were 
loaded in steel milling vials in argon.  9.5 mm-diameter hardened steel milling balls were 
used.  The powder charge was 30 g per vial and the ball to powder mass ratio was 10.  A 
rotational speed was set to 350 rpm for 120 min.  The rotation direction was changed 
every 15 min.  50 ml of hexane (C6H14) was added to each milling vial as a PCA.   
The second stage of milling involved the addition of iodine (I2, chips, Sigma 
Aldrich, 99% pure), at 4 wt. % of the initial powder load.  The 9.5-mm balls were 
removed and replaced with the same mass of 3-mm hardened steel balls, which allowed 
for a softer milling necessary for particle size reduction.   
The evolution of particle shapes and sizes is illustrated in Figure 4.1.  Consistent 
with earlier observations, after the first milling stage the particles have lost their original 
shape, and after the formation and subsequent disappearance of flakes, the now work-
hardened particles assume their steady-state, roughly equiaxed shape [95, 96].  The 
addition of iodine has an immediate and unexpected effect: an apparent increase in 
ductility causes particles to partially become flaky again.  Only after an extended milling 
during the second stage do these flakes again disappear, and the final, now smaller, 
steady state particle size is achieved.   
The reemergence of flakes suggests a rapid, mechanically-assisted interaction 
between iodine and the alloy surface.  The subsequent disappearance of these flakes 
suggests that as the iodine is more uniformly distributed, the mechanical properties of the 
particles change, causing them to fracture more easily during milling, resulting in a 




Earlier work on mechanically milled Al-I2 composite powders [37] did not 
explicitly reveal the formation of particular Al-I2 phases, but did distinguish between 
"loosely" and "tightly" bound iodine, which may correspond to the respectively 
mechanically ductile and brittle products observed here. 
The duration of the second milling stage required to achieve the desired particle 
size distribution was found to depend substantially on the material composition and on 
the cooling of the milling compartment.  It was reported earlier that the temperature of 
the milling vial in an air-conditioned milling compartment was around 40-55 °C [96].  No 
temperature sensors were used in the present experiments; however, the effect of cooling 
was found to be significant based on experiments repeated at different times.  Although 
the temperature in the laboratory housing the mill remained stable year-round, the 
humidity levels were substantially higher during summer and lower during winter.  This 
affected the efficiency of the air conditioner, which yielded a noticeably lower 
temperature in the milling compartment during winter months.  Respectively, it was 
observed that 65 min. was sufficiently long for the second milling stage for all materials 
during summer.  However, during winter, 125 min. milling was required for the 
composition with 80 % Al and 185 min. was required for the one with 90 % Al in order 






Figure 4.1  Particle evolution for an Al0.7Mg0.3 composite. Left: end of the first milling 
stage, center: immediately after the addition of iodine, right: final product after 
completion of the second milling stage. 
 
4.3.2 Material Characterization 
Scanning electron microscopy (SEM) was used to study powder morphology using a 
Phenom Tabletop Microscope by FEI Technologies Inc. Backscattered electron images 
were taken to inspect particle shapes and sizes.  Particle size distributions of the prepared 
composites were measured with low-angle laser light scattering using a Beckman-Coulter 
LS230 Enhanced Particle Analyzer.  Powder suspensions for analysis were prepared in 
ethylene glycol (C2H6O2) and sonicated to minimize particle agglomeration.  Phase 
compositions of the samples were analyzed using X-ray Diffraction (XRD) on a Phillips 
X’pert MRD powder diffractometer operated at 45 kV and 40 mA, using Cu Kα radiation 
(λ = 1.5438 Ǻ). The patterns were collected between 10 and 85° at a rate of 0.625°/min.  
Particle ignition temperatures were measured using a heated filament experiment 
described in detail elsewhere [29, 43].  A thin layer of powder was coated onto a nickel-
chromium alloy wire (manufacturer-specified working temperature range up to 1953 K). 
The wire was heated by a DC current and its temperature was monitored optically using 





Concurrently, light emission from the powder coating was measured using a photodiode 
sensor, in which a sharp onset of light emission was identified as the ignition instant. The 
temperature measured by the pyrometer at that instant was taken as the ignition 
temperature. Such experiments were conducted in air for a range of heating rates between 
103 and 105 K/s.  The ignition instant was also identified from videos recorded using a 
high-speed camera (MotionPro500 by Redlake) at 500 fps. 
Combustion of aerosolized powders was studied using a constant volume 
explosion (CVE) setup.  The details of the CVE experiments were described elsewhere 
[70-72].  The aerosolized powders were ignited from the center of a nearly spherical 9.2-
L vessel. The vessel was initially evacuated, after which the powder was introduced with 
an air blast by opening a solenoid valve connecting the vessel with a chamber filled with 
compressed air.  After the air blast, ignition was triggered following a delay of 300 ms, 
provided to reduce turbulence.  The targeted initial pressure in the explosion vessel prior 
to ignition was 1 atm.  Combustion pressure traces were recorded using both static and 
dynamic transducers.  The measured pressures traces were normalized by the initial 
pressure in the vessel (P/P0).  The rates of pressure rise, d(P/P0)/dt, were also reported for 
the prepared composites and for reference pure Al powder.  (P/P0) and d(P/P0)/dt are 
proportional to the flame temperature and combustion reaction rate, respectively [73]. 
Individual particle combustion was studied using an experimental setup where 
particles are ignited in a CO2 laser beam, as described in detail in Refs. [74-77].  The 
powder was fed into the laser beam using a vibratory feeder described elsewhere [70, 90].  
Ignited particle streaks were photographed; their emission was monitored using a set of 




with interference filters (486, 532, 568, and 589 nm).  Emission signals filtered at 568 nm 
were used to determine particle burn times.  Emission signals filtered at 532 and 589 nm 
were used for optical pyrometry.  The 486 nm filter was selected to track one of the 
strongest AlO emission bands as an indicator of the intensity of the vapor-phase 
reactions.  Because no substantial AlO emission occurs at 568 nm, the strength of the 
observed AlO emission was evaluated using the ratio of the signal intensities measured at 
486 and 568 nm: RAlO=I486/I568.  Following Ref. [78], the measured ratio was normalized 
by its theoretical value calculated for respective intensities of a black-body emitter at the 
same temperature as the measured particle temperature.  For each powder, the measured 
particle size distributions were obtained in terms of particle number densities in 
respective size bins then recast in terms of particle burn times as a function of their size.  
This data processing method was discussed in detail in Refs. [83, 95].  
 
4.4 Results 
4.4.1 Particle Sizes, Morphology, and Phase Composition 
SEM images, such as shown in Figure 4.2, were used to preliminarily inspect the 
prepared powders.  For all compositions, the images show fine, equiaxial particles with 
rounded shapes.  No apparent detached Al and Mg particles are visible, indicating a 
homogeneous mixing between the two phases.  Particle sizes for each composition are 
comparable to each other, indicating that the same milling protocol worked acceptably 












Figure 4.2  Back-scattered SEM images of powders of different Al/Mg compositions: 
47/53 (A), 70/30 (B), 80/20 (C), and 90/10 (D). 
 
Reduction in the particle sizes occurring during the second milling stage is 
illustrated in Figure 4.3 for the Al0.47Mg0.53 composition.  Particle size distribution for the 
powders prepared in the 1st milling stage is compared to that for the same powder after 
the 2-stage milling.  A clear reduction in particle size is observed.  The powder prepared 
during the 1st milling stage has a mean volumetric size of ~23 µm.  After the second (size 
reduction) milling stage, the powder has a mean volumetric size of 12.5 m.  The product 




Particle size distributions for all prepared powders are shown in Figure 4.4.  Also 
shown in Figure 4.4 is the size distribution of a pure Al powder used as a reference in the 
aerosol combustion experiments.  For all mechanically alloyed powders, mean volumetric 
particle sizes are less than 13 m.  Different powder batches were prepared for each 
composition, and the particle size distributions shown in Figure 4.4 were observed to be 
well-reproducible.      
X-ray diffraction (XRD) of the prepared composites shows that Mg is 
incorporated into the Al12Mg17 intermetallic phase mixed with the remaining pure Al [95] 
for the 47/53 compositions.  With increasing Al concentrations, the peaks of the 
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Figure 4.3  Particle size distributions showing products after the 1st milling stage (after 
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Figure 4.4  Particle size distributions showing final, 2-stage products of different Al/Mg 




Figure 4.5 shows the ignition temperatures of the prepared Al·Mg powders coated on an 
electrically heated filament as a function of heating rate.  Each point represents an 
individual ignition experiment.  As expected for a thermally activated ignition 
mechanism, ignition temperatures increase slightly with increasing heating rates.  Ignition 
temperatures are approximately 860 K at lower heating rates and 1060 K for higher 
heating rates.  These temperatures are somewhat higher than 783 K reported for an Al·Mg 
alloy with similar composition but ignited by slow heating in a furnace [65].  For 




line).  Ignition temperatures of Al·Mg composites are much lower than ~1850 K reported 
for ignition of pure Al [48] at similar heating rates, and seem to be close to the ignition 
temperature of the pure Mg [43].  The reduced ignition temperatures are most likely due 
to the modified surface oxide formed on the surface of the alloy particles, which is less 















































Figure 4.5  Ignition temperatures as a function of heating rate for mechanically-alloyed 
Al/Mg powders and reference values for elemental Al and Mg. 
 
4.4.3 Aerosol Combustion 
Figure 4.6 shows results of CVE experiments used to study the aerosol combustion 
characteristics of the prepared powders in terms of the normalized pressure, defined as 
P/P0, where P is the measured pressure and P0 is the pressure in the vessel before 
ignition.  The value of P0 was close to 1 atm for all runs.  The maximum pressure, Pmax, 




of the energy release and rate of reaction, respectively.  The same initial mass loading of 
4.65 g (corresponding to a fuel-rich mixture in the vessel) was used for all powders.  To 
put the results in perspective, pure Al powder (H5 by Valimet) was also tested.  Figure 
4.6 shows that all the prepared Al/Mg compositions outperform pure Al in terms of both 
the maximum pressure and rate of pressure rise.  It is also observed that all prepared 
Al·Mg composites ignite faster than pure Al, indicating shorter ignition delays—a 
characteristic often desired in reactive systems.   
Comparing the Al/Mg powders to each other, there is an apparent pattern that can 
be observed for the 47/53, 70/30, and 90/10 compositions, showing an increase in the 
ignition delay with increasing Al concentrations.  The 80/20 composition seems to fall 
outside of the general trend formed by other Al·Mg powders.  This particular composition 
ignites much faster than the 70/30 composition.  The maximum pressure for all the 
Al/Mg compositions appears to be hardly affected by the Al concentration, remaining for 






























Figure 4.6  Normalized pressure traces for all prepared Al/Mg composites and reference 
Al powder.  Igniter (hot wire in the center of the vessel) was initiated at the time equal to 
0 s. 
  
Table 4.1 shows the mean values of maximum pressure and rate of pressure rise 
for the prepared Al/Mg composites and reference Al powder.  Standard deviation values 
were calculated from repeated experiments.  Supporting data from Figure 4.6, Al·Mg 
powders show higher (P/P0)max and [d(P/P0)/dtmax values than pure Al powder, indicating 
a higher flame temperature and combustion rate.  For reference, explosion pressures 
calculated assuming the thermodynamic equilibrium for the constant volume combustion 
using experimental powder loads in air are shown in Table 4.1.  Calculated adiabatic 
flame temperatures are also shown.  The calculations used NASA CEA code [82], and 
Al·Mg alloys were treated as blended Al and Mg powders.  Initial pressures were 
assumed to be 1 atm and the reactants were taken at room temperature.  The comparison 
of calculated and experimental pressures shows that the experimental pressures are 
systematically lower than the pressures predicted by the thermodynamic equilibrium for 



























<d> = 12.36 m 
9.02 ± 0.28 1135 ± 207 13.28 3900 
Al0.70Mg0.30 
<d> = 7.47 m 
8.87 ± 0.19 815 ± 124 12.95 3874 
Al0.80Mg0.20 
<d> = 12.98 m 
9.04 ± 0.64 1311 ± 116 12.97 3862 
Al0.90Mg0.10 
<d> = 7.3 m 
9.01 ± 0.15 594 ± 87 12.70 3849 
pure Al (H5) 
<d> = 9.06 m 




4.4.4 Single Particle Combustion 
Photographs of burning particle streaks are shown in Figure 4.7 for the Al·Mg powders 
with different compositions.  Particles were carried by a vertically rising air flow and 
crossed a CO2 laser beam directed horizontally.  The beam was focused to about 300 µm 
(0.3 mm) diameter and the laser power was set to 20 W, ensuring reliable ignition for all 
materials.  
Several particle streaks observed in Figure 4.7 were produced by different 
particles fed successively through the laser beam during the time of exposure.  Each well 
discerned streak represents a particle passing through the CO2 laser beam.  Most streaks 
include two separate bright portions and end with characteristic spearpoints (as illustrated 
in Figure 4.7), although this feature appears to diminish with increasing Al 
concentrations.  Also, as the compositions near that of pure Al, the initial bright portion 








Figure 4.7  Burning particle streaks of Al·Mg powders prepared and ignited in the CO2 




Typical emission traces measured at 568 nm, temperature traces obtained by 2-
color pyrometry, and ratio RAlO characterizing intensity of the molecular AlO emission 
for burning Al·Mg particles are shown in Figure 4.8.  The ratio RAlO is defined as the ratio 
of the measured emission signals at 486 and 568 nm over the same ratio of the emission 
signals calculated for a black body emitter.  When a strong AlO line is observed at 486 
nm, this ratio becomes greater than 1, indicating the vapor-phase combustion.    
Consistent with the visible streaks in Figure 4.7, a strong, relatively narrow initial 
peak is also observed for emission traces in Figure 4.8, particularly for higher Mg 
concentrations.  The first peaks correspond to higher temperatures and lower levels of 
AlO emission.  The initial temperature increases are consistent with the emission 
intensity ramps.  The first peak, clearly seen in the traces of particles with 47/53 and 
70/30 Al/Mg ratio, becomes narrower and nearly disappears as the aluminum 
concentration increases.  This first peak is followed by a second peak with a 
characteristic oscillatory emission pattern.  This second peak is typically longer than the 
first one and comprises the entire emission signal for the particles with high Al 
concentrations.  
For the particle size selected in Figure 4.8, (ca. 5 µm), the emission pulses 
decrease in duration with increasing Al concentrations.  The effect of particle size on 
burn time for different prepared powders is further illustrated in Figure 4.9 and discussed 
below.   
The measured temperatures and RAlO ratios are observed to slowly decrease 
throughout the duration of the oscillatory emission pattern until the final small peak 




intensity level at which the spearpoints occur is substantially reduced compared to its 

























































Figure 4.8  Emission signals (vertical scales in arbitrary units, axes not shown), 
temperatures, and intensity ratios characterizing significance of the molecular AlO 





Slight delays in the ignition of Al·Mg particles can be observed in the 
photographs in Figure 4.7, i.e., luminous streaks do not always originate from the same 
area where the CO2 beam was focused.  These delays made it impossible to process the 
experimental data following the procedure outlined and used in Refs. [74-77], where the 
size of each particle was evaluated based on the amplitude of a light-scattering pulse, 
generated when particles crossed a low-power auxiliary laser beam placed just under the 
CO2 laser beam.  The poorly reproducible ignition timing made it impossible to correlate 
the light scattering and emission pulses and quantify the size of each ignited particle.  
Instead, the methodology described in Refs. [83, 95] was used to obtain a correlation 
between burn times and particle sizes.  The main assumption in this data processing is 
that the larger size particles burn longer.  First, recorded emission pulses were 
preliminarily inspected to remove overlapping or closely spaced signals, which may not 
represent individual particle combustion events.  Durations of the downselected pulses 
were then measured.  Second, the data on pulse durations representing burn times were 
logarithmically binned and correlated with the particle size distributions for the 
respective powders measured by Beckman-Coulter LS230 Enhanced Particle Analyzer.  
The volume-based particle size distributions shown in Figure 4.3 were transformed into 
number-based, cumulative distributions, and directly compared to the burn time data as 
explained previously.  Once the size distributions were obtained in terms of particle 
number densities in respective size bins, the data were then recast in terms of particle 
burn times as a function of their size.  The final burn times as a function of particle sizes 
are shown in Figure 4.9.  For each powder, the obtained trend is overlapped with the 




– 4.11 were taken from measurements reported earlier [89] and re-processed following 
the present methodology to be directly comparable to the results for the Al·Mg powders.   
For all alloyed powders, the results are well represented by t~dn trends (shown as 
solid lines), where t is the burn time, d is the particle diameter, and the exponent n is 
generally greater than 1.  The observed effect of particle size on burn time is stronger for 
alloys than for aluminum.  Generally, for finer particles the burn times for the Al·Mg 
alloys are shorter than for the pure Al.  The size threshold for which the burn times for 
the alloyed powders become longer than for pure Al increases for alloys with greater Al 
concentrations: it is approximately 2 m for the 47/53 Al/Mg composition, 4 µm for both 



























Figure 4.9  Particle burn time as a function of size for the mechanically-alloyed Al·Mg 
and for pure Al powders.  Lines show respective t~dn fits.   
 
The recorded traces of temperature and RAlO, showing the intensity of molecular 
AlO emission, such as shown in Figure 4.8, were averaged for each particle and then 
among the particles in each pulse duration bin.  For both parameters, average values were 
calculated for each burn trace for the period of time when the emission signal varied from 
50% to 100% of its peak value, following the method described earlier [74-77].  
Resulting average values of temperatures and RAlO are shown in Figures 4.10 and 4.11, 




instead, they characterize the portion of the event with the strongest emission of the 
burning particle.  The results are superimposed with the data for pure Al [89].  The error 
bars in Figures 4.10 and 4.11 show standard deviations from the average values for each 
point.   
With increasing Al concentrations, temperatures appear to decrease and approach 
those reported for pure Al [74, 75, 89].  For all powders, despite substantial data scatter, a 
slight increase in temperature is observed for larger particle sizes.  The scatter in the 
calculated average temperatures for Al·Mg powders could be attributed to the 
morphology of the as-milled powders as well as the ignition delays observed in Figure 
4.7.  For combustion of Al in air, RAlO values greater than 1 indicate intensity of the vapor 
phase reactions.  Values of RAlO for Al·Mg powders are lower than those for pure Al, 
indicating a reduction in the importance of such vapor-phase reactions.  For all Al·Mg 
powders prepared, RAlO are lower than those reported for pure Al [74, 75, 89].  For each 
Al·Mg powder, RAlO slightly increases with increasing particle sizes.  The values of RAlO 
appear to increase slightly for both the highest and lowest Al concentrations.  Note that 
the emission signals change noticeably during each particle combustion event, so that the 
average temperatures and RAlO values provide only very approximate information on the 
related reaction mechanisms.  A more detailed analysis of the burning particle 









































Figure 4.10  Combustion temperatures as a function of particle size for the mechanically-





























Figure 4.11  Normalized AlO ratio, RAlO, values as a function of particle size for the 






Present experiments supported the use of iodine as a very effective PCA for mechanical 
alloying of Al·Mg powders with a broad range of compositions.  The powder particle 
sizes are reduced effectively, even for the more Al-rich compositions (cf. Figures 4.1-
4.4).  The milling times required to achieve the desired fine particles are reasonably short, 
making the process amenable for practical applications.  It is also shown that the 2-stage 
milling introduced previously [95] remains an effective approach for custom-tailoring 
particle sizes of the mechanically alloyed Al·Mg powders without inducing substantial 
changes in their structure and causing their contamination by milling tools.  The inclusion 
of iodine may offer an added benefit for some of the reactive materials, resulting in 
formation of halogenated combustion products with biocidal properties.  Such products 
are desired for applications aimed to improve inactivation of aerosolized spores and 
bacteria in a blast [84-87].  For some applications, e.g., propellants, addition of halogens 
to metal-based fuel additives may not be desirable although the amounts of added iodine 
are relatively small and may not result in appreciable corrosive effects of changes in 
handling and processing these fuel additives.  Alternative techniques aimed at adjustment 
of the particle sizes of mechanically alloyed powders may involve different milling 
sequences and milling aides.  For example, adding small amounts of hard particles, such 
as boron or silicon can be explored. 
CVE results are generally consistent with a previous report of faster burn of 
Al·Mg alloys [30].  An improvement in both maximum pressure and rate of pressure rise 
for the prepared alloys as compared to the reference pure Al powder is significant in 




improvements are likely due to the achieved finer particle size for the mechanically 
alloyed powder, which became directly comparable to the reference aluminum.  An 
improvement in the pressure traces measured in CVE experiments, as well as an overall 
accelerated burn rate reported earlier based on similar aerosol combustion experiments 
[30, 88], are likely caused by a combination of the lowered ignition temperature and 
nearly unchanged burn rate.   
The combustion mechanisms of the prepared Al·Mg powders are clarified from 
the streaks and traces shown in Figures 4.7 and 4.8, respectively.  A two-peak structure of 
the emission pulse suggests a 2-staged burn, most likely indicating an initial Mg-
dominated combustion event followed by combustion of the remaining Mg-depleted Al, 
similar to earlier observations made for commercially available Al·Mg alloy particles 
burning in a H2-O2-Argon flame [97].  The Mg-dominated burning stage gradually 
disappears with increasing Al concentrations, as expected.  The characteristic oscillatory 
pattern observed during stage II and typical of the Al particle combustion becomes 
shorter as the particle compositions approach that of the pure Al, as shown by the particle 
emissions traces in Figure 4.8 (for ca. 5 µm particles) and further supported by the trends 
shown in Figure 4.9.  It is also interesting to compare the trends observed for particle 
burn times as a function of their diameters obtained in this work with similar trends 
reported previously [89, 95].  A stronger effect of particle sizes (diameter d) on their burn 
times (t) is observed here, i.e., t=a·dn, with n = 0.5 for Al and n ≈ 1.2, 1.5, 1.1, and 1.2 for 
prepared Al/Mg compositions 47/53, 70/30, 80/20, and 90/10, respectively.  The values 
of both coefficient a and exponent n are summarized in Table 4.2.  All exponents for 




more reasonable and amenable to a theoretical interpretation.  It is unclear, however, why 
neither exponents n nor coefficients a given in Table 4.2 are changing consistently with 
the alloy composition.  One possible explanation is that the two observed stages of 
particle combustion, one dominated by Mg and the other by Al, are not independent of 
each other.  It is possible that the combustion mechanisms for the two stages change as a 
function of the alloy composition.  If confirmed in future work, such complex effects can 
be used to adjust the alloy composition in order to carefully tailor the performance of the 
produced powder depending on the specific practical requirements.   
A slight increase in the average flame temperature for greater particle sizes and 
for increased Al content is likely associated with an increased importance of the stand-off 
vapor phase flame for larger particles as discussed previously [90, 95].   
Somewhat higher RAlO values observed for the lowest and highest Al 
concentrations (Figure 4.11), may indicate a growing effect of the vapor phase reactions 
for the powder that is the most similar to pure Al, and for the powder with the most 
vigorous combustion assisted by Mg, respectively. 
Future work is desired to investigate kinetics of intermetallic reactions and 
heterogeneous oxidation for the mechanically alloyed powders, so that the mechanisms of 
such low-temperature exothermic processes can be correlated with their respective 
ignition mechanisms, mostly responsible for their improved combustion performance.  
Preliminary experiments, which are not discussed in the present manuscript, indicate that 
the preparation of these powders can still be modified to further improve their 
combustion characteristics.  The improvements are mostly attributable to further 




mechanically alloyed powders.  Note that the improvements mentioned here are 
incremental and may be addressed once detailed requirements for such powders are 
identified based on specific applications.  
 
Table 4.2  Burn Time and Size Power Law Correlations Showing Values for Coefficient 





Al0.47Mg0.53 0.77 1.21 
Al0.70Mg0.30 0.35 1.46 
Al0.80Mg0.20 0.52 1.12 
Al0.90Mg0.10 0.39 1.21 
pure Al (H5) 1.13 0.53 
 
4.6 Conclusions 
Preparation of mechanically alloyed Al·Mg powders with a broad range of compositions 
and with desired fine particle sizes and shapes is feasible using a modified, 2-stage 
milling technique that allows for a simultaneous adjustment in both internal structures 
and particle size distributions.  Particles suitable for laboratory evaluations of their 
oxidation, ignition, and combustion characteristics were prepared and characterized.  
Aluminum concentration varied from less than 50 to 90 at. %.  Electron microscopy, x-
ray diffraction patterns, and particle size distribution measurements showed that fine, 




between 7 - 13 m can be prepared reproducibly.  Ignition temperatures for all prepared 
alloys are much lower than those of pure Al powders and are close to those of Mg.  
Powders were aerosolized and ignited in air; the powder cloud combustion experiments 
showed that a higher maximum pressure, greater rates of pressure rise, and shorter 
ignition delays can be achieved for the mechanically alloyed powders, as compared to the 
pure Al powders with directly comparable particle size distributions.  Individual particle 
combustion experiments show that the mechanically alloyed particles burn in two stages, 
while the first stage is gradually disappearing with an increased Al concentration.  The 
effect of particle size, d, on its burn time, t, for the prepared alloys is relatively well 
described by a t~dn law, where n is varying in the range of 1.1 - 1.5 for different 
compositions.  It is observed that for particles greater than a few µm, the overall burn 
time decreases slightly with an increase in the aluminum concentration.  The gas phase 
reactions resulting in production of molecular AlO emission are weaker for the prepared 
powders than for pure Al, but become increasingly more important as compositions 
approach that of pure Al.  The maximum flame temperatures of the prepared 
mechanically alloyed powders are the same or higher than for pure Al powders with 




CHAPTER 5  
 
IGNITION AND COMBUSTION OF AL·MG ALLOY POWDERS PREPARED 
BY DIFFERENT TECHNIQUES 
5.1 Abstract 
Alloys of aluminum and magnesium have long been explored as potential reactive 
materials and replacements of pure aluminum powders in energetic formulations.  It has 
been recently shown that mechanical alloying (MA) can be used to prepare a range of 
Al·Mg powders with different compositions and particle sizes.  Conventionally, such 
alloys are prepared by melt processing; however, no direct comparisons of combustion 
characteristics of such alloys prepared using different methods are available.  This work 
is aimed at comparing the oxidation, ignition, and combustion characteristics between 
two powders of Al•Mg with similar bulk compositions and particle sizes: one produced 
via MA, and another, produced via grinding of a cast alloy.  Particle size distributions are 
measured using low-angle laser light scattering.  Electron microscopy and x-ray 
diffraction are used to examine particle morphology and phase makeup, respectively.  
Thermal analysis is used to identify the low-temperature reactions that could affect 
ignition.  Ignition behavior of the two powders is studied using a heated filament ignition 
apparatus.  Constant volume explosion experiments are performed to compare 
effectiveness and rate of combustion of aerosolized alloy particles.  A laser ignition setup 
is used to characterize combustion rates and temperatures for individual alloy particles. 
Low-temperature exothermic features were observed for the MA powder but not for the 
cast-alloyed powder in thermo-analytical experiments.  MA powders had slightly lower 




showed a substantial increase in both the maximum pressure and rate of pressure rise for 
the MA powders as compared to the cast alloyed powders.  In single particle laser 
ignition experiments, MA particles ignited more readily than cast alloyed particles.  MA 
powders burned in a staged sequence, with the first stage dominated by combustion of 
Mg and the second stage representing primarily combustion of Al.  No similar staged 
combustion behavior was observed for the cast-alloyed powders, which generated very 
short emission pulses with a relatively low brightness, and thus might not have burned 
completely.  It is proposed that the difference in the structure and morphology between 
the MA and cast alloyed particles results in different ignition and combustion scenarios.      
5.2 Introduction 
Metals and alloys offer advantageous performance as fuel additives in energetic 
formulations such as propellants, explosives, and pyrotechnics [9-11, 50, 51].  Recent 
research is focused on aluminum-based materials that exhibit an enhanced reactivity 
compared to pure Al powders.  The reduced ignition delays, faster burn rates, and 
tailored densities in alloys, including Al·Mg, Al·Ti, etc. make them attractive fuel 
additives [15, 16, 28-31, 42].  Specifically, Al·Mg alloys have long been explored for 
applications in energetic materials.  Aluminum offers its high combustion enthalpy and 
temperature while Mg is thought to accelerate ignition.  Some of the early applications 
were in pyrotechnic formulations [60-62] while more recently, such alloys were 
successfully added to propellants [63].  It has been reported that Al·Mg alloys ignite at 
much lower temperatures than pure Al [64, 65].  Combustion of Al·Mg alloys was also 
studied, with most detailed experimental observations on coarse particles with 




composition, either Al or Mg determine the alloy combustion dynamics [68]; 
alternatively, a staged combustion behavior was described, in which Mg combustion 
preceded that of Al [69].   
Recently, mechanically alloyed (MA) powders of Al·Mg were prepared with 
various compositions and tunable, fine particle sizes [95, 98].  Investigations into the 
combustion characteristics of these powders showed that lower ignition temperatures, 
shorter burn times, higher combustion temperatures, and reduced ignition delays can be 
achieved compared to pure Al powders.  
Despite significant interest to combustion characteristics of Al·Mg alloys [34-36, 
95, 98], the quantitative information regarding their burn rates and combustion 
temperatures remains limited. In particular, there is no side-by-side comparison of 
combustion characteristics of such alloys prepared using different techniques, e.g., MA 
[30, 95, 96, 98] vs. cast alloyed powders available commercially.  Both materials may 
contain the same bulk Al·Mg compositions; however, the structures and phase 
compositions may be different.  MA powders are likely to contain nanocomposite 
structures and poorly crystalline solid solution phases.  Conversely, cast-alloyed powders 
are expected to contain well-crystallized intermetallics.  The effect of such structural and 
morphological differences on the ignition and combustion of alloys is unknown.  This 
work compares an Al·Mg powder prepared by mechanical alloying with a commercially 
available cast alloyed powder; the powders have identical bulk compositions and similar 





5.3.1 Material Selection and Synthesis 
Two Al·Mg powders with the same 1/1 Al/Mg mass ratio were used.  The first powder, 
referred to as “cast alloy”, was provided by Matsys Corporation and prepared by grinding 
of a commercially available cast alloy.  The second powder was prepared via mechanical 
milling using starting materials of elemental powders of Al (Atlantic Equipment 
Engineers, 99.8% pure, -325 mesh) and Mg (Alfa-Aesar, 99.8% pure, -325 mesh).  
Powders were milled using a Retsch PM-400 MA planetary mill equipped with an air 
conditioner.  Powders of Al and Mg were loaded in steel milling vials in argon.  9.5 mm-
diameter hardened steel milling balls were used.  The powder charge was 30 g per vial 
and the ball to powder mass ratio was 10.  A rotational speed was set to 350 rpm for 120 
min.  The rotation direction was changed every 15 min.  50 ml of hexane (C6H14) was 
added to each milling vial as a PCA.  This preparation has been described previously [95, 
98]. 
5.3.2 Material Characterization 
Scanning electron microscopy (SEM) was used to study powder morphology using a 
Phenom Tabletop Microscope by FEI Technologies Inc. Backscattered electron images 
were taken to inspect particle shapes and sizes.  Particle size distributions of the prepared 
composites were measured with low-angle laser light scattering using a Beckman-Coulter 
LS230 Enhanced Particle Analyzer.  Powder suspensions for analysis were prepared in 
ethylene glycol (C2H6O2) and sonicated to minimize particle agglomeration.  The surface 
area of the powders was measured using a Quantachrome Monosorb BET surface area 




(XRD) on a PANalytical Empyrean diffractometer equipped with a position sensitive 
detector operated at 45 kV and 40 mA using Cu Kα radiation (λ=1.5438˚ A).  A spinning-
stage sample holder was used for all XRD measurements at scan angles ranging from 5 to 
90. 
Particle ignition temperatures were measured using a heated filament experiment 
described in detail elsewhere [42, 43].  A thin layer of powder was coated onto a nickel-
chromium alloy wire (manufacturer-specified working temperature range up to 1953 K). 
The wire was heated by a DC current and its temperature was monitored optically using 
an infrared pyrometer focused on its uncoated surface adjacent to the powder coating.  
Concurrently, light emission from the powder coating was measured using a photodiode.  
A sharp onset of light emission was identified as the ignition instant. The temperature 
measured by the pyrometer at that instant was taken as the ignition temperature. Such 
experiments were conducted in air for a range of heating rates between 103 and 105 K/s.  
The ignition instant was also identified from videos recorded using a high-speed camera 
(MotionPro500 by Redlake) at 500 fps. 
Combustion of aerosolized powders was studied using a constant volume 
explosion (CVE) setup.  The details of the CVE experiments were described elsewhere 
[70-72].  The aerosolized powders were ignited from the center of a nearly spherical 9.2-
L vessel. The vessel was initially evacuated, after which the powder was injected with an 
air blast, which also filled the vessel to P0 ≈ 1 atm.  The blast was produced by opening a 
solenoid valve connecting the vessel with a chamber filled with compressed air.  After 
the air blast, ignition was triggered following a delay of 300 ms, provided to reduce 




pressure traces were recorded using both static and dynamic transducers.  The measured 
pressures traces were normalized by the initial pressure in the vessel (P/P0).  The rates of 
pressure rise, d(P/P0)/dt, were also obtained for the prepared composites and for 
reference pure Al powder.  Values of (P/P0) and d(P/P0)/dt are roughly proportional to 
the flame temperature and combustion reaction rate, respectively [73]. 
Individual particle combustion was studied using an experimental setup where 
particles are ignited in a CO2 laser beam, as described in detail in Refs. [74-77].  The 
powder was fed into the laser beam using a vibratory feeder described elsewhere [77, 99].  
Ignited particle streaks were photographed; their emission was monitored using a set of 
three photomultiplier tubes (PMTs), two Hamamatsu R3896-03 and one R636-10.  The 
PMTs were equipped with interference filters (700, 800, and 900 nm).  The powder flow 
was illuminated by an auxiliary 785-nm laser diode and the PMT filtered at 800 nm 
picked up the scattered signal.  For particles, which did not ignite only a scattered 800-
nm signal was collected, with no simultaneous emission signals at 700 and 900 nm.  
Thus, a fraction of ignited particles was determined for each powder.  Emission signals 
filtered at 700 nm were used to determine particle burn times.  Emission signals filtered 
at 700 and 900 nm were used for optical pyrometry.  For each powder, the measured 
particle size distributions were obtained in terms of particle number densities.  The 
particle size distributions were correlated with the measured distribution of the particle 
burn times to obtain the burn time as a function of the particle size.  This data processing 





5.4.1 Particle Morphology, Sizes, and Phase Composition 
SEM images, such as shown in Figure 5.1, were used to inspect the mechanically and 
cast-alloyed powders.  The powder particle sizes are comparable for both powders, while 
the MA powder appears to have a broader particle size distribution.  This is further 
evidenced by the measured particle size distributions shown in Figure 5.2.  The mean 
volumetric size for the MA powder is 36.5 m.  The cast alloy powder has a more narrow 
distribution with a mean volumetric size of ~24 m.  For the MA powder, no apparent 
detached Al and Mg particles are visible, indicating a homogeneous mixing between the 
two phases.  Also shown in Figure 5.2 are size distributions for sieved MA powders used 
for combustion experiments.  A 25-µm sieve was used to classify the powder.  The mean 
volumetric particle sizes for the fine and coarse fractions are ~14 and 49 m, 
respectively.  The measured BET surface areas were respectively 0.5 and 0.3 m2/g, for 
the MA and cast-alloyed powders, supporting SEM and the size distribution 






Figure 5.1  SEM images of Al·Mg powders: MA (left) and cast alloyed (right) powders.  
The images on the bottom row show higher magnifications of the respective powders. 
 
X-ray diffraction (XRD) patterns for both powders are shown in Figure 5.3.  Also 
shown in Figure 5.3 is pattern for a blend of Al·Mg.  The cast alloyed powder shows 
complete presence of Al12Mg17 intermetallic phase with no other phases present.  For the 
MA powder, a strong background indicative of the poorly crystalline phases is apparent.  
The pattern shows that Mg is only partially incorporated into the Al12Mg17 intermetallic 
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Figure 5.2  Particle size distributions for as-milled MA and as-received cast alloy 
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Figure 5.3  XRD patterns of an Al-Mg blend, MA and cast alloyed powders.  Elemental 
Al and Mg phases are indicated in the plot.  All other (unlabeled) peaks correspond to the 
 - Al12Mg17 phase.  
 
5.4.2 Ignition 
Figure 5.5 shows ignition temperatures of the alloyed Al·Mg powders coated on an 
electrically heated filament as a function of the heating rate.  Each point represents an 
individual ignition experiment.  For the MA powder, ignition temperatures show a scatter 
at low heating rates.  At higher heating rates, ignition temperatures fall between 925-1025 
K.  For the cast alloy, ignition temperatures range from 950-1175 K for the range of 
heating rates shown.  In general, the ignition temperatures for MA are slightly lower than 














































Figure 5.4  Ignition temperatures as a function of heating rate for MA and cast alloy 
powders. 
 
5.4.3 Thermal Analysis 
Baseline corrected DSC traces for the samples heated in argon at 5 K/min are shown in 
Figure 5.5.  For the MA powder, weak exothermic features are seen where sub-solidus 
reactions are expected.  The first exothermic peak with a maximum at ~110 °C and 
another with a maximum at ~ 260 °C are similar to the features reported in more detailed 
earlier measurements for the MA Al-Mg powders [33, 79].  The cast alloy powder shows 
no features in the DSC trace in this low-temperature region.  Heating to higher 






















Figure 5.5  DSC traces for MA and cast alloyed powders heated in argon at 5 K/min.   
 
5.4.4 Aerosol Combustion 
Figure 5.6 shows characteristic pressure traces recorded in CVE experiments for both 
materials.  The time zero corresponds to the initiation of the igniter.  MA powder 
outperforms the cast alloyed powder in terms of both the maximum pressure and rate of 
pressure rise.  The MA powder ignites faster than the cast alloy, resulting in a shorter 
ignition delay—a characteristic often desired in reactive systems.   
The maximum pressure, Pmax, and the maximum rate of pressure rise, dP/dtmax, 
were obtained for each run as indicative of the energy release and rate of reaction, 
respectively.  The same initial mass loading of 4.65 g (corresponding to a fuel-rich 
mixture in the vessel) was used for all powders.   
Table 5.1 shows the mean values of maximum pressure and rate of pressure rise 
for the mechanically and cast alloyed powders.  Standard deviation values were 




shows higher (P/P0)max and [d(P/P0)/dtmax values than the cast alloyed powder, indicating 
a higher flame temperature and combustion rate.   
To verify whether the difference between MA and cast alloyed powder is 
primarily driven by the difference in the particle size distribution, an additional MA 
powder batch was prepared and size classified using a 25 m sieve.  The initial size 
distribution of the new batch was identical to that shown in Figure 5.2b.  The size 
distributions for the size classified MA powder fractions are shown in Figure 5.2c and d.  
Experiments with the size classified MA powders showed the same or even greater 
maximum pressures and rates of pressure rise as with the initial powder (See Table 5.1).  
An improvement in the pressure readings is likely associated with a shorter time passed 
from the powder preparation to its testing in CVE (as shown in Table 5.1).  While the 
aging of the prepared Al∙Mg alloys may be a concern for the future studies, the 
experiments with the size classified MA powders show clearly that the particle size is not 
the dominant factor explaining a better performance of MA compared to the cast alloyed 
powders.   
For reference, explosion pressures calculated assuming the thermodynamic 
equilibrium for the constant volume combustion using experimental powder loads in air 
are also shown in Table 5.1.  Calculated adiabatic flame temperatures are also shown.  
The calculations used NASA CEA code [82], and Al·Mg alloys were treated as blended 
Al and Mg powders.  Initial pressures were assumed to be 1 atm and the reactants were 
taken at room temperature.  The comparison of calculated and experimental pressures 




predicted by the thermodynamic equilibrium for all materials, as expected because of 
incomplete combustion and heat losses.   
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Figure 5.6  Normalized pressure as a function of time for MA and cast alloy powders 
ignited in CVE. 
 
 
















MA 4 7.55 ± 0.22 326 ± 53 
13.5 3915 
MA: size classified; 
<25 m 
1.5 9.22 1035 
MA: size classified; 
>25 m 
1.5 7.92 ± 0.34 452 ± 70 





5.4.5 Single Particle Combustion 
Photographs of burning particle streaks are shown in Figure 5.7 for both MA and cast 
alloyed powders.  Particles were carried by a vertically rising air flow and crossed a CO2 
laser beam directed horizontally.  The beam was focused to about 300 µm (0.3 mm) 
diameter and the laser power was set to 20 W.  
Several particle streaks observed in Figure 5.7 were produced by different 
particles fed successively through the laser beam during the time of exposure.  Each well 
discerned streak represents a particle passing through the CO2 laser beam.  For the MA 
powder, most streaks emit bright light immediately exiting the laser beam.  After the 
initial bright portion, an oscillatory feature is prominent in most of the streaks, as 
illustrated in Figure 5.7.  For the cast alloyed powder particle streaks, no bright emission 
is observed immediately after particles exit the CO2 laser beam.  The streaks become 
bright later on; however, oscillatory emission patterns are not observed.  Visually, the 
streaks produced by the cast alloyed powder appear dimmer compared to the MA powder 







Figure 5.7  Burning particle streaks of Al·Mg powders prepared by mechanical and cast 





For each experiment, a sequence of emission peaks was recorded, representing 
emission produced by individual particles.  Fragments of such records for both MA and 
cast alloyed powders are shown in Figure 5.8.  Emission was simultaneously measured 
by three filtered PMTs; respectively, three traces are shown for each material.  The 800-
nm signal is amplified by the light particles scattered from the 785-nm laser diode, while 
both 700 and 900-nm filtered signals are observed only for incandescent particles.   
For the MA powder, most emission peaks are observed simultaneously for all 
three filtered signals, confirming emission from the ignited particles.  Conversely, for the 
cast alloyed powders only some of the pulses were simultaneously observed for all three 
signals.  Many pulses observed in the trace filtered at 800 nm were not accompanied by 
simultaneous pulses in the other two recorded filtered traces.  Such pulses were assigned 
to particles that did not ignite.  To quantify the difference between the two powders, 
several one-second records (selected to include multiple emission peaks) were taken and 
the percent of particles that ignited (i.e., exhibited all three simultaneous filtered emission 
peaks compared to all particles producing 800-nm filtered emission peaks) were 
calculated.  For the MA powder, nearly 84 % of all particles passing the laser beam 
ignited compared to only 47 % of particles for the cast alloy.      
The pulse shapes were also remarkably different for the two materials.  For MA 
particles, most pulses have characteristic two-peak structure with an oscillatory pattern, 
consistent with the photographed emission streaks.  For cast alloyed particles, no two-
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Figure 5.8  Emission pulses showing 3 PMT wavelengths for both mechanically-alloyed 
and cast-alloyed powders. 
 
 
A magnified view of the emission trace measured at 700 nm for an MA particle is 
shown in Figure 5.9.  In addition, the corresponding temperature trace obtained by 2-
color pyrometry is shown.  Consistently with the visible streaks in Figure 5.7, a strong, 
relatively narrow initial emission peak is observed.  This first peak corresponds to a 
higher temperature and is followed by a second peak with a characteristic oscillatory 
emission pattern.  The second peak is typically longer than the first, the temperature 
during the second peak remains nearly steady.  This observed two-peak structure has 
been associated with a staged combustion, in which the first peak is dominated by 
combustion of Mg, while the second peak represents primarily combustion of Al [69, 95, 
98]. 






























Figure 5.9  Emission signal (vertical scale is in arbitrary units) and temperature for a 
single, laser-ignited particle of MA Al·Mg powder. 
 
 
A methodology described in Refs. [98, 100] was used to obtain a correlation 
between particle emission peak durations (proportional to their burn times) and particle 
sizes.  Emission traces filtered at 700 nm were used for this correlation.  The main 
assumption in this data processing is that the larger size particles burn longer.  First, 
recorded emission pulses were preliminarily inspected to remove overlapping or closely 
spaced signals, which may not represent individual particle combustion events.  
Durations of the downselected pulses were then measured.  The data on pulse durations 
(representing burn times) were logarithmically binned and correlated with the particle 
size distributions for the respective powders measured by Beckman-Coulter LS230 
Enhanced Particle Analyzer.  The volume-based particle size distributions shown in 
Figure 5.2 were transformed into number-based, cumulative distributions, and directly 
compared to the emission peak durations as explained previously and shown in Refs. [98, 
100].  Once the size distributions were obtained in terms of particle number densities in 




of their size using interpolation between individual points.  The final trends are shown in 
Figure 5.10.  The plotted durations for cast alloy are substantially shorter than for the MA 
particles; however, this difference is unlikely to represent the true difference in the burn 
rates.  Instead, as shown above, the cast alloy particles may not have burned completely, 
exhibiting short single-peak pulses, compared to double peak pulses produced by MA 
particles.   
Also shown in Figure 5.10 are data reported previously for the MA Al·Mg 
powders with the same composition as used in the present study, for which an additional 
size reducing milling step was used with iodine added as a process control agent [95, 98].  
The measurements reported earlier were made using a different PMT and filter selecting 
568-nm emission.  While the slopes of the trends showing pulse durations vs. particle size 
for MA are close to each other, it is striking that the earlier measurement produced a 
noticeably longer burn time compared to the present data for the effectively the same 
powder.   
Additional experiments were performed to better understand the difference 
between the present and earlier measurements.  In these additional experiments, laser 
ignited particles were monitored for both MA powders prepared for this study and the 
powder used in the previous work [95, 98], which has the same bulk Al/Mg composition 
but was additionally milled using 3-mm diameter steel balls for an hour with added 4 wt. 
% of iodine as a PCA.  In addition to the filtered PMTs used here, a set of PMTs filtered 
at 532, 568, and 589 nm was used to collect particle emission for both powders.  The 
emission times for a fixed number of particles determined using signals from the 700-nm 




times were averaged over the entire set of the recorded particle emission pulses.  The 
resulting average emission times for the powder used in the present experiments were 
consistent between the data sets collected at 700 and 568 nm.  However, the emission 
times measured by different sensors differed from each other for the powder prepared for 
the earlier project, with particle sizes reduced by additional milling in presence of iodine.  
In the latter case, the average emission time measured at 568 nm was more than twice 
greater than that measured at 700 nm.    
The difference is likely assigned to different sensitivity of different light sensors, 
which must be material-dependent.  This observation, although not fully understood, 
illustrates that the emission times measured in such experiments cannot be directly 
translated into burn times, although comparisons between the measurements for different 
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Figure 5.10  Particle emission peak durations as a function of size for the mechanically-
alloyed and cast-alloyed powders.  Also shown is the trend for size reduced Al·Mg 






The recorded temperature traces were averaged for each particle for the entire 
duration of the recorded emission pulse.  These particle-average temperatures were 
further averaged over all particles in each pulse duration bin.  Results are shown in Figure 
5.11.  Despite relatively large error bars showing standard deviation from the average 
temperature for each bin, the data suggest that temperatures are highest and exceed 3000 
K for a narrow range of particle sizes, close to 2 µm.  The average particle temperatures 
decrease noticeably, to about 2000 K, for coarser particles.  Note that the temperatures 
reported in Figure 5.11 are somewhat lower than those reported earlier for the nominally 
the same MA particles [95, 98].   This difference is because the present results are 
obtained by averaging the temperature over the entire pulse duration, whereas in the 
previous report [95, 98] the temperatures were averaged during the time the emission 




























In terms of practical applications, the present results show consistently that MA Al∙Mg 
powders are more attractive reactive materials compared to their cast alloyed analogs.  
Ignition delays are reduced, burn rates are increased, and the reaction efficiency is 
improved based on the CVE experiments (Figure 5.6, Table 5.1).  Slightly reduced 
ignition temperatures for the MA powders are also observed (Figure 5.4), which can be 
attributed to the additional exothermic reactions of formation of intermetallic phases 
during pre-heating of MA powders, as observed in DSC (Figure 5.5).  However, the 
substantially greater burn rates observed in CVE experiments and, especially, qualitative 




5.7, 5.8, and 5.10) are hard to reconcile with the relatively small difference in ignition 
temperatures detected for the two materials in the filament ignition tests.   
It is suggested that the difference in the initial phase make-up and structure of the 
alloy particles (Figure 5.3) results in a different initiation and combustion regime, causing 
the observed differences in the combustion characteristics of the MA and cast alloy 
particles.  The effect may only partially be related to the difference in the enthalpy of 
formation of the uniform Al12Mg17 intermetallic in the cast alloy vs. finely mixed Al and 
Mg in the composite MA powder.  Indeed, the heat of formation of Al12Mg17 is reported 
to be close to -3.6 kJ/mol atom [101], a value essentially negligible compared to the heats 
of oxidation of Al or Mg (-837.8 and -600 kJ/mol atoms, respectively [102].  More likely, 
the difference in combustion is associated with the rate-dependent processes, including 
formation of the intermetallic phases upon heating in the MA powder and reaction of 
intermetallic and mixed Al/Mg composite.  The formation of intermetallic is limited by 
the condensed phase diffusion.  The diffusion coefficient of Mg in a molten Al can be 
estimated as  [103].  Considering temperature to be at 
the melting point of aluminum (close to the expected ignition point for these alloys), one 
obtains a diffusion coefficient of approximately 9.6∙10-9 m2/s.  For a micron-sized 
particle, the characteristic time of diffusion becomes close to 0.1 ms; the diffusion time 
exceeds 10 ms for a 10 m particle.  On the other hand, the heating time required to bring 
a room-temperature particle to the melting point of aluminum is close to 1 ms for the 
heating rate of 106 K/s, achieved in the laser ignition experiments (and close to those 
anticipated in CVE experiments).  Thus, the time of the pre-ignition temperature ramp is 




been completed in the MA particles before they were ignited.  The evaporation of Mg 
from pure Mg inclusions is expected to occur at a different rate compared to that from the 
Al12Mg17 melt, which could explain a difference in the initial emissivity of the ignited 
MA (very bright) and cast alloy (dim) particles (Figure 5.7).  Certainly, studies of activity 
of Mg in Al-Mg alloys show negative deviations from ideal behavior [104] suggesting a 
reduced vapor pressure of Mg compared to the ideal solution with the same Mg 
concentration.  Conversely, the vapor pressure above pure Mg inclusions should be 
noticeably higher and unaffected by the presence of aluminum.  This difference in the Mg 
vapor pressure can explain the pronounced initial, Mg-dominated combustion stage 
observed for the MA but not for the cast alloyed particles.  
In addition, during the pre-heating, passivated oxidized layers form on the particle 
surface.  The properties of such layers may be different for the pure Al and Mg vs. the 
oxidizing intermetallic phase.  Further, oxidized layers are also formed during 
heterogeneous combustion.  The structure and diffusion resistance of such layers are 
expected to depend on the structure and composition of the underlying metal or alloy. 
Because for larger particles, the diffusion times become comparable to the total measured 
burn times, such layers growing during combustion could have different properties for 
the MA and cast alloyed particles. Thus, not only ignition but also combustion would be 
affected by the structure and morphology of the alloyed particles.   
Finally, it is of interest to comment on the observed effect of particle size on the 
average flame temperature (Figure 5.11).  High temperatures observed for a relatively 
narrow range of particle sizes suggest that such particles were primarily burning in the 




may be surprising.  It could be explained by two-staged burn, where only the first stage 
dominated by evaporation of Mg occurs in the vapor phase.  During the first stage, 
limited surface reaction could still have occurred producing alumina-based passivated 
layer on surface of the composite particles.  As a result, subsequent reactions could be 
dominated by heterogeneous oxidation.   
 
5.6 Conclusions 
Aluminum-magnesium alloys were prepared by mechanical alloying and compared with 
materials prepared by cast alloying using powders with similar particle size distributions.  
MA powders had slightly lower ignition temperatures than cast-alloyed powders.  In 
thermo-analytical measurements conducted in an inert environment, low-temperature 
exothermic features were observed for the MA powder but not for the cast-alloyed 
powder.  These features were associated with the formation of intermetallic phases.  
Aerosol combustion experiments showed a substantial increase in both the maximum 
pressure and rate of pressure rise for the MA powders as compared to the cast alloyed 
powders.  The effect was shown not to be caused by minor difference in the particle size 
distributions for the two materials.  In single particle laser ignition experiments, MA 
particles ignited more readily than cast alloyed particles.   MA powders burned in a 
staged sequence, with the first stage dominated by combustion of Mg and the second 
stage representing primarily combustion of Al.  No similar staged combustion behavior 
was observed for the cast-alloyed powders, which generated very short emission pulses 
with a relatively low brightness, and thus might not have burned completely.  It is 




alloyed particles results in different ignition and combustion scenarios.  Ignition is 
assisted by a weakly exothermic intermetallic reaction, generating a new material 
structure.  More importantly, combustion occurs differently for a homogeneously mixed 
cast alloyed material and for the nano-composite produced by mechanical milling.  At 
high heating rates, the MA powder structure may not have time to homogenize, resulting 
in a higher vapor pressure of Mg above Mg inclusions compared to that above a 
homogeneous liquid Al-Mg alloy.  Composite structure can also cause different 
morphology, composition, and diffusion resistance of the oxidized surface layers formed 
during ignition and heterogeneous combustion.  The latter differences cause different 
characteristics of heterogeneous combustion observed for MA and cast alloyed powder 





CHAPTER 6  
CONCLUSIONS 
Several reactive, mechanically milled materials were prepared and characterized.  These 
powders contained Al and another metal (Fe, Ni, Zn, and Mg).  Each prepared 
nanocomposite or alloyed material served as a high energy density material or additive to 
different energetic formulations.   
For powders of Al·Fe, Al·Ni, and Al·Zn, it was illustrated that a small percentage 
of additive (10 at. %) to Al yielded altered ignition and combustion characteristics after 
very short milling times.  For Ni and Zn, preparation of composites, while restricting 
formation of intermetallic phases, is only possible with very short milling times (120 min 
for Al·Fe and 20 min. for Al·Ni and Al·Zn).  Thus, many Ni and Zn inclusions remain 
relatively coarse and particles are shaped as platelets (or coarse flakes) for both Al·Zn 
and Al·Ni composites prepared by ball milling.  For Al·Fe, preparation of equiaxial 
particles was possible with fine Fe inclusions uniformly distributed in Al matrix.  The 
presence of Fe, Ni, or Zn inclusions in the powders substantially changes ignition and 
low-temperature oxidation of the composite powders as compared to unmilled aluminum.  
The ignition of these composite materials occurs at lower temperatures, and low 
temperature oxidation is accelerated.   
For powders with identical binary compositions, but milled longer, and thus 
containing intermetallic phases and a more homogenized Al matrix, the low temperature 
oxidation is impeded.  Comparison of the reactive Al-metal composites with inert 
Al·Al2O3 reference composites prepared with similar milling conditions suggests that the 




milled powders, is primarily responsible for their accelerated low-temperature oxidation.  
It is further observed that simply an increase in the low-temperature oxidation rate 
detected in DSC/TGA experiments is insufficient to achieve ignition of the material 
under rapid heating conditions.  Thus, it is concluded that the improved ignition 
dynamics for the prepared Al·metal composites is due to a combination of the accelerated 
low-temperature oxidation with reaction mechanisms altered by the presence of metal 
inclusions.   
For 20-min. milled Al·Ni and Al·Zn composites, the oxidation begins with 
selective oxidation of Ni and Zn, respectively, and is followed by an Al oxidation step 
increased substantially compared to that observed for the pure Al at the same 
temperatures.  For Al·Fe samples prepared with longer milling times, the first oxidation 
step is delayed and occurs after Al melting.  The activation energies for the first oxidation 
step for all composite powders are different from that identified for the unmilled Al, 
indicating a difference in the reaction mechanisms.  The subsequent oxidation steps are 
similar for the prepared composite and unmilled Al powders.  
It is observed that the ignition is likely correlated with intermetallic reactions in 
Al·Ni and, possibly, Al·Fe composites.  For all materials, a correlation between the first, 
low temperature Al oxidation step and ignition is also indicated.  Unlike for the unmilled 
Al, for which oxidation at low temperatures results in growth and evolution of the 
protective surface oxide film, for the prepared Al·Zn and Al·Ni composites, the low 
temperature oxidation results in an effectively volumetric increase in the oxygen 




 Similarly, to the Al·Fe, Ni, and Zn composites mentioned above, mechanically 
alloyed powders of Al·Mg (1:1 by weight) were prepared, with the added goal of 
producing fine particle sizes.  Reducing particle size became feasible using a modified, 2-
step milling technique that allows for simultaneous adjustment in both internal structures 
and particle size distributions.  Single-step milling used previously enables one to fine 
tune mixing between Al and other metal additives (e.g., Fe, Ni, and Zn), but is not 
capable of altering the size of the produced powder particles.  Electron microscopy, x-ray 
diffraction patterns, and particle size distribution measurements showed that fine, 
equiaxial particles of Al·Mg with a homogeneous composition and a mean size of 
approximately 12.5 µm were produced by the 2-step milling.  Filament ignition 
experiments of these mechanically alloyed powders conducted in air showed ignition 
temperatures in the range of 860 – 1060 K, which is significantly lower than ignition 
temperatures reported for pure Al powders which ignite at around 1850 K.  Powders of 
Al·Mg ignite at temperatures lower than those of the Al·Fe, Ni, and Zn (between 960 – 
1060 K) previously prepared.  Premixed flames in air were produced in the powder cloud 
combustion experiments and showed that a higher pressure output and shorter ignition 
delay can be achieved as compared to pure Al powders.  Single particle laser ignition 
experiments showed that once ignited, Al·Mg particles burn nearly as fast as pure Al 
particles of the same dimensions.  It is also observed that the Al·Mg particles burn in a 
two-stage process proposed to include selective combustion of Mg followed by 
combustion of Al.  Despite the slightly longer burn times, the improved ignition of Al·Mg 
particles and their high combustion temperatures make them a viable replacement for 




 A more detailed study of mechanically alloyed Al·Mg powders with a broad range 
of compositions and desired fine particle sizes and shapes was feasible using the 
modified, 2-stage milling technique.  Aluminum concentration was varied from less than 
50 to 90 at. %.  Electron microscopy, x-ray diffraction patterns, and particle size 
distribution measurements showed that fine, equiaxial Al·Mg particles with 
homogeneously mixed components and mean sizes between 7 - 13 m can be prepared 
reproducibly.  Ignition temperatures for all prepared Al·Mg alloys are much lower than 
those of pure Al powders and are close to those of Mg.  Powders were aerosolized and 
ignited in air; the powder cloud combustion experiments showed that a higher maximum 
pressure, greater rates of pressure rise, and shorter ignition delays can be achieved for the 
mechanically alloyed powders, as compared to the pure Al powders with directly 
comparable particle size distributions.  Similar to the study of 1:1 Al·Mg powders 
discussed previously, individual particle combustion experiments for the range of 
compositions showed that the mechanically alloyed particles also burn in two stages, with 
the first stage gradually disappearing with increased Al concentrations.  The effect of 
particle size, d, on its burn time, t, for the prepared alloys is relatively well described by a 
t~dn law, where n is varying in the range of 1.1 - 1.5 for different compositions.  It is 
observed that for particles greater than a few µm, the overall burn time decreases slightly 
with an increase in the aluminum concentration.  The gas phase reactions resulting in 
production of molecular AlO emission are weaker for the prepared powders than for pure 
Al, but become increasingly more important as the aluminum concentration increases.  
The maximum flame temperatures of the prepared mechanically alloyed powders are the 




 Finally, an Al·Mg powder prepared by mechanical alloying was directly 
compared with a material prepared by grinding a cast alloy.  Powders with the same both 
bulk compositions and similar particle size distributions for both mechanically alloyed 
and cast alloy metals were used.  It was shown that mechanically alloyed powders had 
slightly lower ignition temperatures than cast-alloyed powders.  In thermo-analytical 
measurements conducted in an inert environment, low-temperature exothermic features 
were observed for the mechanically alloyed powder but not for the cast-alloyed powder.  
These features were associated with the formation of intermetallic phases, similar to 
those observed with Al·Fe and Ni composites previously.  Aerosol combustion 
experiments showed a substantial increase in both the maximum pressure and rate of 
pressure rise for the mechanically alloyed powders as compared to the cast alloyed 
powders.  The effect was shown not to be caused by minor difference in the particle size 
distributions for the two materials.  In single particle laser ignition experiments, 
mechanically alloyed particles ignited more readily than cast alloyed particles.   
Mechanically alloyed powders burned in a staged sequence, with the first stage 
dominated by combustion of Mg and the second stage representing primarily combustion 
of Al.  No similar staged combustion behavior was observed for the cast-alloyed 
powders, which generated very short emission pulses with a relatively low brightness, 
and thus might not have burned completely.   
It is proposed that the difference in the structure and morphology between the 
mechanically alloyed and cast alloyed particles results in different ignition and 
combustion scenarios.  Ignition is assisted by a weakly exothermic intermetallic reaction, 




a homogeneously mixed cast alloyed material and for the nano-composite produced by 
mechanical milling.  At high heating rates, the mechanically alloyed powder structure 
may not have time to homogenize, resulting in a higher vapor pressure of Mg above Mg 
inclusions compared to that above a homogeneous liquid Al-Mg alloy.  Composite 
structure can also cause different morphology, composition, and diffusion resistance of 
the oxidized surface layers formed during ignition and heterogeneous combustion.  The 
latter differences lead to different characteristics of heterogeneous combustion observed 
for mechanically alloyed and cast alloyed powder particles.    
In summary, it was shown that the mechanical alloying of metallic additives to Al 
produces powders with enhanced ignition and burn characteristics compared to pure Al 
powders.  With these improvements in reactivity, the mechanically alloyed materials can 
be used as drop-in replacements to pure Al powders in various energetic formulations 
such as propellants, explosives, and pyrotechnics.  Future research can be directed at 
more detailed studies of the combustion mechanisms of such materials.  It would be of 
interest to investigate the ageing mechanisms of such powders as ageing would also 
affect ignition and combustion characteristics.  Finally, the commercialization of the 
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